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J. Stephen Fink, MD, PhD

Dedication

(1950-2002)

Our friend, our colleague, and a pioneer of research
on the adenosine A,, receptor in the service of im-
proved neurotherapeutics, Dr. J. Stephen Fink, died
December 30, 2002 (figure). Steve originally accepted
an invitation to chair a session at this symposium
but later reluctantly informed us he would be unable
to participate because of the recently diagnosed glio-
blastoma that would claim his life only 3 months
later. His death deeply saddens us and is a painful
loss to the adenosine receptor and Parkinson’s dis-
ease (PD) research communities. Steve was a gifted
scientist who seamlessly combined his basic and clin-
ical research skills to advance our knowledge of the
A, receptor and PD.

Steve trained as a movement disorder specialist at
Massachusetts General Hospital and became an in-
ternational leader in clinical research of PD. Despite
his growing success and responsibilities, he main-
tained his clinical practice and was beloved by his
patients for his gracious caring manner. He was also
an outstanding neuroscientist with considerable ex-
pertise in molecular analysis of neuropsychiatric dis-
orders, particularly disorders of the basal ganglia.
His contributions to adenosine Ay, receptor research
began when he cloned (at approximately the same
time as did Dr. Parmentier’s group in Belgium) the
rat A,, receptor. His work, along with others’, next
showed that A,, receptors are colocalized with dopa-
mine D, receptors in striatopallidal neurons (at ap-
proximately the same time as Dr. Schiffmann in
Belgium). This body of work established a strong
anatomic basis for adenosine-dopamine interaction,
an important step leading to the development of the
concept of A,, antagonists as a novel treatment
strategy for PD.

After the cloning and CNS localization of A,, re-
ceptors, Steve quickly embarked on a series of phar-
macologic studies to explore the potential of A,,
antagonists as a new antiparkinsonian treatment
strategy. Together with several other laboratories,
his laboratory’s work demonstrated that A,, antago-
nists could synergize with dopamine D, agonists to
enhance motor function and c-fos expression in ani-
mal models of PD. His work also helped demonstrate
cross-talk between the A,, receptor and the dopa-
mine D; receptor.

He also contributed to the concept of A,, antago-
nists for PD therapy through his important role in
initiating a research project in late 1994 to generate
Ay, receptor knockout mice in his laboratory. Later,

J. Stephen Fink, MD, PhD (1950-2002)

while pursuing an opportunity in industry to ad-
vance a neurotransplantation treatment for PD, he
continued to contribute his expertise to the behav-
ioral and neurochemical characterization of the A,,
receptor knockout mice, which highlighted the poten-
tial of Ay, receptor antagonists to serve as neuropro-
tectants in ischemia, Huntington’s disease, and PD.
At the beginning of 2000, Steve accepted the posi-
tion of chair of the Department of Neurology at Boston
University School of Medicine. He was genuinely ex-
cited about returning to basic science and clinical re-
search on the A,, receptor in the development of
improved treatments for neurologic disorders. One of
his immediate goals was to establish an active research
center at the department with a strong emphasis on
Aza receptor neurobiology. Even during his illness,

Copyright © 2003 by AAN Enterprises, Inc. S1




Steve continued to direct an A, receptor project. Al-
though we knew his time remaining would be far too
short, his sudden passing left us stunned once again.
Steve’s strong support and encouragement were
instrumental in launching our adenosine research.
That his death occurred at a time when the transla-
tion of Ay, receptor biology into neurotherapeutic
application is accelerating only serves to amplify the
loss to our research community. For those of us who
were privileged to work with and know Steve, this

S§2 NEUROLOGY 61(Suppl 6) December 2003
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was particularly painful. His demeanor was defined
by exceptional poise, warmth, and enthusiasm that
live on in the memories of his students, colleagues,
and patients. Steve is deeply missed as a superb
scientist and a kind man.

Jiang-Fan Chen, MD, PhD
Thomas Chase, MD
Michael Schwarzschild, MD, PhD




Introduction

A, antagonists for PD

A prime example of translational neuroscience

Michael A. Schwarzschild, MD, PhD; Jiang-Fan Chen, MD, PhD; and Thomas N. Chase, MD

Last autumn, academic and industry investigators
from around the world, US government research pro-
gram officers, and patient advocates convened in
Boston to consider the broadening potential of aden-
osine A,, receptor antagonists as therapeutic agents
for Parkinson’s disease (PD). Based on three decades
of steadily accumulating preclinical data on the be-
havioral pharmacology, neuroanatomy, and molecu-
lar biology of the A,, receptor, it has emerged as an
attractive target of efforts to ameliorate the patho-
physiology of PD. The Boston conference and its pro-
ceedings (which are reviewed in the articles of this
supplement) reflect a prime example of translational
research. Ay, receptor antagonists are moving from
informative biologic reagents to leading candidates
in the search for nondopaminergic influences on the
symptoms and possibly the progression of PD.

The neurobiological background for targeting
the A, receptor is laid out in the first section. Bertil
Fredholm, who gave the keynote address of the con-
ference, together with Per Svenningsson trace the
evolution of the concept that motor function of the
basal ganglia reflects a balance between the neuro-
modulatory influences of adenosine and dopamine.
Rosin et al. then review the anatomic specificity of
CNS A,, receptors for and within the basal ganglia.
This unique pattern of restricted expression suggests
a low potential for CNS side effects of A,, antago-
nists, underscoring a key conceptual advantage of
A,, antagonists over existing nondopaminergic anti-
parkinsonian drugs. (See figure on page S56.)

Fuxe et al. describe recent findings of functional
heterodimeric interactions between the A,, recep-
tors, dopamine D, receptors, and metabotropic gluta-
mate mGluR5 receptors. These fundamental insights
raise the possibility of powerful synergistic pharma-
cologic approaches to leveraging the potential thera-
peutic benefits of A,, antagonists for PD.
Schiffmann et al. review the cellular physiology of
how the A, receptor modulates striatal gene expres-
sion, long-term potentiation, and synaptic plasticity,
and thus they highlight its potential involvement in

long-term responses to repeated dopaminergic
stimulation.

The second section conveys the preclinical basis
for the symptomatic motor stimulant actions of
A,, antagonists in PD. Peter Jenner systematically
reviews the substantial evidence that A,, antago-
nists can reverse motor deficits in rodent and pri-
mate models of PD, without inducing dyskinesias in
the latter. Morelli et al. present a hemiparkinsonian
rat model of PD that strengthens the argument that
A, receptor blockade may offer adjunctive antipar-
kinsonian effects without producing maladaptive mo-
tor activity. Akihisa Mori and Tomomi Shindou
summarize multiple lines of data that convincingly
implicate the modulation of striatopallidal GABAer-
gic transmission as the mechanism by which A,,
antagonists reverse hypodopaminergic motor
dysfunction.

A remarkable convergence of epidemiologic and
laboratory data has raised the possibility that neu-
roprotective effects of A,, receptor blockade may
compliment its symptomatic benefits for PD; this is
covered in the next section of the supplement. Asche-
rio et al. review recent prospective epidemiologic
studies confirming previous suggestions that the
common consumption of caffeine, a nonspecific aden-
osine antagonist, is associated with a decreased
chance of later developing PD. Schwarzschild et al.
summarize the complementary animal model data
demonstrating neuroprotection by caffeine and more
specific A,, antagonists against toxin-induced dopa-
minergic neuron death, and they speculate on possi-
ble mechanisms. Castagnoli, Jr. et al. then relate a
serendipitous finding that a subset of xanthine-
based A,, antagonists unexpectedly also possesses
potent monoamine oxidase (MAO) B inhibitory activ-
ity, and they discuss the potential therapeutic appli-
cation of such dual mechanism compounds as novel
antiparkinsonian agents. Popoli et al. close this sec-
tion by providing evidence that reduced release of
glutamate and thus attenuated excitotoxicity may
explain the neuroprotective effects of A,, antago-

From the Molecular Neurobiology Laboratory (Dr. Schwarzschild), Massachusetts General Hospital, Charlestown, MA; Neurology and Molecular Neurophar-
macology Laboratory (Dr. Chen), Boston University School of Medicine, Boston, MA; and National Institute of Neurological Disorders and Stroke (Dr. Chase),

Bethesda, MD.

Address correspondence and reprint requests to Dr. Michael A. Schwarzschild, Molecular Neurobiology Laboratory, Massachusetts General Hospital, Room
2900, 114 16th Street, Charlestown, MA 02129-4404; e-mail: MichaelS@helix.mgh.harvard.edu
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nists across a range of neurotoxicity models of neuro-
degenerative disease.

The supplement places the aforementioned anti-
parkinsonian effects of A,, antagonists into the con-
text of their expected effects on other important
aspects of CNS physiology and PD pathophysi-
ology. Chen et al. elaborate on the critical role
played by the Ay, receptor in the potentially mal-
adaptive behavioral and neurochemical responses to
repeated dopaminergic stimulation. Conversely, Ay
antagonists may be able to prevent or reverse the
maladaptive basal ganglia plasticity underlying the
occasionally disabling dyskinetic complications of
long-term levodopa therapy in patients with PD.
Vaugeois et al. make the case for antidepressant ef-
fects of specific Ay, antagonists (in contrast to caf-
feine). Despite the caveats inherent in modeling
depression in mice, their findings have major impli-
cations for the management of depression in the gen-
eral population and for those with PD (which is
associated with a high incidence of depression).
Weiss et al. take on the important question of Ajy
antagonist effects in models of psychosis. Although
the established opposing effects of Ay, and D, recep-
tors have supported the idea that A,, agonists may
possess antipsychotic potential, Ay, antagonists do
not necessarily induce psychotomimetic side effects.
Urade et al. highlight the role of the Ay, receptor in
sleep and, conversely, the possibility that Ay, antag-
onists may display arousal activity.

Finally, the supplement presents perspectives on
the translational steps from development of
lead compounds for human use to early clinical
trials. Hiroshi Kase recounts one company’s major
contributions to the conceptual and pharmaceutical
development of currently the most advanced A, an-
tagonist candidate for PD, which has now success-
fully moved to phase II clinical trials. Dourish et al.
present another company’s discovery and progress in
preclinical development of unique nonxanthine A,y
antagonists targeted to PD. Chase et al. close the
supplement with an overview of how an A,, antago-
nist has advanced steadily from rodent to monkey to
human studies, with the latter clinical trials validat-
ing the preclinical evidence for antiparkinsonian
benefits. These perspectives reflect the overarching

S4 NEUROLOGY 61(Supp! 6) December 2003

Figure. Boston’s Leonard P. Zakim Bunker Hill Bridge
under construction in November 2001, photographed by
Don Eyles.

translational theme of the conference and this sup-
plement, which have adopted the fitting symbol of
Boston’s nearly completed Lenny Zakim Bunker Hill
Bridge. The striking images (figure and throughout)
by the photographer Don Eyles capture the construc-
tion of Boston’s new landmark gateway. They also
provide a metaphor for the building of a bridge that
spans our knowledge of A,, receptor neurobiology
and the promise of improved therapeutics for pa-
tients with PD.
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Keynote Address

Adenosine-dopamine interactions

Development of a concept and some comments on
therapeutic possibilities

Bertil B. Fredholm, PhD; aﬁd Per Svenningsson, MD, PhD

Abstract—This brief review presents a personal perspective on the historical development of the current knowledge about
the biologically important concept of functional antagonism between adenosine A,, and dopamine D, receptors in
caudate-putamen, accumbens, and tuberculum olfactorium. In the 1970s, studies of dopamine actions suggested an
unexpected role of adenosine. Developments during the next decade substantiated this finding and demonstrated that a
subform of adenosine A, receptors was enriched in the basal ganglia. Cloning of adenosine receptors provided better tools
for cellular localization and showed that A,, receptors are closely associated with D, receptors. Distinct functional
interactions at several levels were discovered, and there is now strong evidence that A, , receptors are tonically active and
modified by dopamine acting at D, receptors. Development of selective antagonists and knockout mice have highlighted
the potential usefulness of A,, antagonists in decreasing symptoms and progression of Parkinson’s disease—something
that has also been vindicated by careful epidemiologic studies. There are issues of efficacy and potential side effects that

need to be resolved, but the future looks bright.
NEUROLOGY 2003;61(Suppl 6):55-S9

After the demonstration by Arvid Carlsson that do-
pamine is an important transmitter in the basal gan-
glia, with a particular role in Parkinson’s disease
(PD), the finding from Greengard’s group® that dopa-
mine can stimulate adenylate cyclase attracted much
attention. This attention led to the discovery that
adenosine might be intimately involved.

In 1974, Kjell Fuxe and Urban Ungerstedt
showed, using animals with wunilateral 6-OH-
dopamine lesions, that theophylline could itself in-
duce the same type of rotation behavior that was
induced by drugs that directly or indirectly stimu-
lated dopamine receptors and that it could markedly
enhance dopamine-mediated effects.? In that study,
the effect was interpreted as secondary to blockade
of phosphodiesterase (PDE) and was therefore taken
as evidence for an important role of cyclic adenosine
monophosphate (cAMP) as a mediator of dopamine
actions. However, in a follow-up study in which I
(B.F.) was involved, several different PDE inhibitors
were examined, and it was found that the potency of
the drugs to induce rotation fitted much better with
their potency as adenosine antagonists (or enhanc-
ers) than with their potency as PDE inhibitors.? To-
gether these studies showed that methylxanthines,
probably by blocking adenosine receptors, could po-
tentially be used as treatment for patients with PD.

Studies in two laboratories of dopamine-

stimulated adenylyl cyclase in the brain also showed
that methylxanthines could decrease “basal” enzyme
activity and that adenosine could stimulate it.4® This
was observed in dopamine-rich areas of the brain,
including caudate-putamen and tuberculum olfacto-
rium, but not in other brain areas. This finding sug-
gested that these parts of the brain might have a
different set of adenosine receptors than other brain
areas (figure, A). »

This contention received support during the fol-
lowing decade as methods to study receptors using
binding techniques were developed. The first studies
used relatively nonselective radioligands but phar-
macologic means to discriminate between multiple
binding sites.®® Later studies used a rather selective
ligand for A,, receptors, including CGS 21680,
Altogether these studies vindicated the belief that a
special form of adenosine receptors, the A,, receptor,
is enriched in dopamine-rich areas of the brain and
that this offers a rationale for examining the role of
adenosine in mediating or modulating behaviors and
traits traditionally associated with dopamine.

The availability of more selective adenosine recep-
tor agonists and antagonists also reinforced the idea
that behavioral consequences of Ay, receptor- and
dopamine receptor-mediated effects tended to be
opposite.151®

The interactions between adenosine and dopamine
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receptors in the striatum continued to be studied at
the biochemical level. It was demonstrated that
there were interactions between adenosine A,, re-
ceptors at several levels. The A,, receptor, being
coupled to a member of the G, family of G proteins,
and the D, receptor, coupled to a G; protein, would
interact negatively at the level of second messengers
and beyond. Binding studies revealed that high-
affinity binding of D, agonists could be reduced by
stimulation of adenosine A,, receptors.®® This find-
ing suggested that there were interactions directly
between the receptors (figure, B), an issue that has
been forcefully pursued by Fuxe et al. (see Fuxe et
al., page S19).

The next major conceptual advance was the clon-
ing of several adenosine receptors. Four novel mem-
bers of the G protein-coupled receptor family were
cloned from a canine thyroid library.?* Of these, one
was the adenosine A,, receptor,? and another was
the canine A; receptor.?? Once these first structures
were obtained, the same receptors were soon cloned
from other mammals, including humans. Further-
more, the adenosine A,y receptor was cloned.? More
surprisingly, a fourth adenosine receptor, denoted
A, was cloned, first as an orphan® and later as a
bona fide methylxanthine-insensitive adenosine
receptor.?

These findings not only conclusively proved that
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Figure. Graphic description of the
development of our knowledge of

A, ,-Dy interactions. Illustration (A)
shows the situation in the 1970s; (B)
depicts the knowledge around 1991;
(C) shows the same in the late 1990s;
and (D) demonstrates our current
understanding. For further details,
see text.

NGFI-A

NGFI-B

W@“

there are two distinct adenosine A, receptors but
also provided a set of novel tools that proved useful.
In situ hybridization was used to pinpoint the cells
that express A,, receptors in the brain. Using in-
creasingly sophisticated methods, it was proven that
the bulk of A,, expression is confined to one set of
neurons in the striatum, namely those GABAergic out-
put neurons that constitute the so-called indirect
pathway.2”32 These cells also express the bulk of the
dopamine D, receptors. Hence, the link between Ajy
and dopamine D, receptors was further strengthened.
Techniques with a cellular resolution were also
used to try to determine the roles of adenosine Ay,
receptors in the intact striatum. This was based on
early findings showing that expression of immediate
early genes (IEGs) could be used to pinpoint changes
in neuronal activity or signal transduction.** We ob-
served that stimulatory doses of caffeine and selec-
tive Ay, receptor antagonists caused a decrease in
the expression of IEGs, known to be regulated by the
cAMP/CREB cascade, in striatopallidal neurons (fig-
ure, C).353 These and subsequent studies® provide
strong evidence that adenosine, via Ap, receptors,
exerts a robust tonic activation on the cAMP/CREB/
IEG cascade in striatopallidal neurons. Moreover,
this result also provided evidence that multiple D,
receptor-mediated effects of dopamine can be attrib-
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uted to the antagonism of this adenosine-mediated
activation of striatopallidal neurons.

To increase our understanding of the interactions
of adenosine and dopamine at the signal transduc-
tion level, we proposed a collaborative project with
Paul Greengard to study the effects of adenosine A,,
selective compounds and caffeine on the phosphory-
lation of dopamine and cAMP phosphoprotein of 32
kDa (DARPP-32). DARPP-32 is highly enriched in all
striatal GABAergic medium-sized projection neurons
and is an important mediator of dopaminergic sig-
naling.#t Its function is determined by its relative
phosphorylation state at several different threonine/
serine residues, of which the most studied is a pro-
tein kinase A (PKA) site at Thr34. When this residue
is phosphorylated, it converts DARPP-32 into an in-
hibitor of protein phosphatase-1, which in turn regu-
lates the activity of multiple transcription factors,
including CREB, ion channels, and ionotropic recep-
tors (figure, D). In initial studies conducted in brain
slices prepared from striatum, it was found that CGS
21680 potently increases phosphorylation at Thr34.4?
This effect was additive to that of SKF81297, a selec-
tive D, agonist, and could be counteracted by quinpi-
role, a selective D, agonist.® This result identified
adenosine, via A,, receptors, as a key regulator of
the phosphorylation state of DARPP-32 in striatopal-
lidal neurons. Subsequently, we developed a method
to reliably detect DARPP-32 phosphorylation in vivo
and could demonstrate that the A,, antagonist used,
SCH 58261, significantly counteracted the increase
in DARPP-32 phosphorylation that was observed af-
ter treatment with selective D, receptor antago-
nists.4¢ Likewise, the ability of D, antagonists to
increase DARPP-32 phosphorylation was dramati-
cally reduced in Ay, receptor knockout mice. There-
fore, these data provided further support for the
notion that adenosine acting on A,, receptors is an
important mediator for establishing a basal cAMP
level, which is necessary for many effects of dopam-
ine’s action via D, receptors. To address the involve-
ment of DARPP-32 in the behavioral actions of
caffeine and selective adenosine A,, receptor com-
pounds, we administered such compounds to
DARPP-32 knockout mice and studied effects on lo-
comotor behavior. As expected from the biochemical
data, we found that the ability of CGS 21680 to in-
duce hypolocomotion was attenuated in DARPP-32
knockout mice.*s Similarly, the ability of caffeine and
SCH 58261 to induce hyperlocomotion was attenu-
ated in DARPP-32 knockout mice. In this article, an
additional effect of A, receptors on DARPP-32 phos-
phorylation was shown, namely that A,, agonism
via cAMP-dependent mechanisms increases the
phosphorylation of Thr34-DARPP-32 but decreases

the phosphorylation at Thr75-DARPP-32. Con-

versely, caffeine and SCH 58261 increase phosphory-
lation at Thr75-DARPP-32. This site has recently
been shown to be phosphorylated by Cdk5, and when
this happens, DARPP-32 is converted into an inhibi-
tor of PKA “¢ Therefore, by increasing the phosphor-

ylation of Thr75-DARRP-32, caffeine and selective
A, receptor antagonists will further increase the
inhibition of PKA. This feed-forward mechanism,
which is also used by D, receptor agonists, will po-
tentiate the inhibitory influence of adenosine on the
cAMP/PKA/CREB/IEG signaling pathway in striato-
pallidal neurons (see figure, D).

In parallel with the development of an increas-
ingly clear understanding of the biochemical and mo-
lecular underpinning of the adenosine—dopamine
interactions, there has been extensive work on the
effectiveness of adenosine A,, antagonists in various
experimental models of PD. Extensive review of
these results is beyond the scope of this commentary
(see Chase et al., page S107; Kase et al., page S97,
Jenner et al., page S32; and Weiss et al., page S101).
However, a recent study showed that A,, receptor
antagonism could reduce not only symptoms of PD
but also the loss of dopamine neurons induced by
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP).*” Furthermore, it was shown that persistent
L-dopa effects require A,, receptors.*®

Therefore, the results of many studies over the
years have strongly developed the concept that A,y
and D, receptors interact in such a way that A,,
antagonists could prove useful in treating patients
with PD. However, there are concerns. One potential
concern is related to tolerance. It is well known that
some actions of caffeine develop rapid tolerance.*%%
However, caffeine effects in PD models do not,** and
there is also no tolerance to selective A,, antagonists
in models that show tolerance to caffeine.’

Another, and perhaps more serious, concern is re-
lated to the fact that A,, receptors regulate other
things in addition to activity in striatopallidal neu-
rons. It has long been known that adenosine regu-
lates platelet activation,’®?* and now we know that
A, 4 receptors are responsible for this.’5% Similarly,
A, receptors are critically important in regulating
neutrophil leukocyte activity®” and activity of macro-
phages.’® Even more importantly, A,, receptors reg-
ulate inflammatory reactions in general.?9:8°
Therefore, long-term blockade of adenosine A,, Te-
ceptors may cause undesirable peripheral morbidity.

A potential way to attack this problem was af-
forded when it was discovered that Ay, receptors in
striatum are coupled to G proteins,® whereas on
platelets, neutrophils, and lymphocytes, G, mediates
the A,, effects. If it proves possible to find agents
that selectively affect A,,-G,j, more selective drugs
may be found.

Already in the early 1970s Fuxe and Ungerstedt
suggested that methylxanthines might be used for
management of PD. Since then, substantial progress
has been made in understanding why, and now the
prospect looks good that A,, antagonists may prove
of value as part of the therapeutic armamentarium.5?
The potential may be particularly strong in com-
pounds that have more than one potentially benefi-
cial action.5
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Articles

I. The biology of A,, receptors in the
basal ganglia

Exciting news about A,, receptors

Per Svenningsson, MD, PhD; and Bertil B. Fredholm, PhD

Our understanding of the fundamental actions of
adenosine A,, receptors has increased significantly
during the past years, and this was well illustrated
by the lectures in the session “The Biology of Ajs
Receptors in the Basal Ganglia.” The existence of a
strong interaction between adenosine A,, and dopa-
mine D, receptors is now firmly established at the an-
atomic, biochemical, and functional levels. In each of
the lectures, novel evidence for important interactions
between adenosine A,, receptors and excitatory gluta-
matergic neurotransmission was presented.

Using A, receptor-selective antibodies and immu-
nohistochemistry at the light and electron microscopic
levels, Rosin et al. have performed detailed anatomic
work that unambiguously shows that A, receptors are
highly enriched in medium-sized spiny GABAergic stri-
atal neurons.}? Within these neurons, Ay, receptors
are found in most cellular compartments, ie., den-
drites, terminals of axon collaterals, and in soma. How-
ever, from a quantitative standpoint, a pronounced
subcellular enrichment of Ay, receptors is found in
dendrites and dendritic spines, which form asymmetric
synapses. These synapses receive input from glutama-
tergic terminals and are of excitatory nature. This
postsynaptic localization of Ay, receptors implies that
A, receptors may play an important role in the regu-
lation of synaptic plasticity. The excitatory glutamater-
gic inputs to striatum are derived predominantly from
the cerebral cortex and thalamus. In an ongoing effort,
Rosin et al. are trying to define the anatomic origin of
the excitatory glutamatergic inputs that innervate the
A, receptor-containing dendritic spines. For this pur-
pose, colabeling studies with A,, receptor antibodies
and VGLUT1, which is located on cortical terminals, or
VGLUT?2, which is located on thalamic terminals, are
performed (see Rosin et al., page S12). It is anticipated
that detailed information of the synaptology of the Ay,
receptor-containing neurons will be available in the
near future.

Fuxe and Schiffmann presented evidence for the
functional importance of Ay, receptors in modulating
excitatory glutamatergic neurotransmission. By com-
bining biochemical and anatomic techniques, Fuxe et

al.3 have demonstrated that Ay, receptors form het-
erodimers with metabotropic glutamate 5 receptors
(mGluR5). Interestingly, mGluR5 receptors have been
shown to be highly concentrated postsynaptically at
excitatory synapses and thus exhibit a subcellular dis-
tribution similar to A,, receptors. The heterodimeriza-
tion between A,, receptors and mGluR5 receptors is
specific and cannot be found between A,, receptors
and mGluR1 receptors. Studies in cell lines transiently
transfected with A,, receptors and mGluR5 receptors
have shown that costimulation of these receptors has a
synergistic action on mitogen-activated protein kinase
(MAPK) activation and c-fos gene transcription. The
precise mechanisms underlying this synergy remain to
be clarified, but it appears not to involve cyclic adeno-
sine monophosphate (cAMP) or Ca®" accumulation (see
Fuxe et al., page S19).

Schiffmann et al. have extensively used adenosine
A, receptor knockout mice to study the influence of
A,, receptors on electrophysiologic properties of stri-
atal neurons and on gene regulation. Using patch-
clamp methodology and brain slices, Schiffmann et
al. have now demonstrated that long-term potentia-
tion in the ventral part of the striatum, nucleus ac-
cumbens, is significantly attenuated in Ay, receptor
knockout mice.* Similar results were obtained when
striatal slices from wild-type mice were treated with
the selective A,, receptor antagonist ZM241385 (see
Schiffman et al., page S24). This finding adds further
evidence that A,, receptors are tonically activated
by endogenous adenosine. Moreover, this effect on
synaptic plasticity can be viewed as a functional cor-
relate to the anatomic finding of Rosin et al., who
found that A,, receptors are enriched in dendritic
spines that receive excitatory inputs.

As expected from previous work using caffeine
and A,, receptor antagonists, a reduction of immedi-
ate early gene and neuropeptide expression has been
found throughout the striatum in A,, receptor
knockout mice.? This is probably not the result of a
developmental deficit because Ay, receptors are first
expressed late in ontogeny. Importantly, these
changes are not confined to striatopallidal neurons
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but also involve striatonigral neurons and nonstria-
tal regions. This finding clearly demonstrates that
A,, receptors, despite being restrictively expressed
on striatopallidal neurons, strongly influence the
physiology of neurons that do not express A,, recep-
tors. The extremely tight coupling between neuronal
populations in the striatum has been described and
provides a good explanation for these findings. It is of
course also known that activity in striatal outputs af-
fects many other brain regions. Therefore, there is no
discrepancy between the fact that A,, receptors have a
restricted distribution and the fact that affecting them
will influence many parts of the brain.

Don Eyles
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Anatomy of adenosine A,, receptors
in brain
Morphological substrates for integration of striatal function

Diane L. Rosin, PhD; Barbara D. Hettinger, PhD; Amy Lee, PhD; and Joel Linden, PhD

Abstract—A,, adenosine receptors (A;sRs) are expressed with the greatest abundance in the striatum and other nuclei
of the basal ganglia. The segregated expression of A,oRs on the GABAergic striatopallidal medium spiny neurons, where
A,xR and D, dopamine receptor mRNAs are colocalized, and the opposing functional interaction between adenosine and
dopamine suggest that A,,Rs may be an important therapeutic target. To further explore the role of A;,Rs in the synaptic
organization of the basal ganglia, the authors developed an antibody directed against the purified A;sR. Immunohisto-
chemical studies in rat brain showed dense labeling of the neuropil in the striatum, nucleus accumbens, and olfactory
tubercles with lighter labeling of terminals in the globus pallidus (GP), where A, R transcript is not detected. Stimulation
of A;,Rs on GP terminals may facilitate GABAergic signaling and contribute to the overactivation observed in Parkinson’s
disease (PD). Analysis at the ultrastructural level allowed a more detailed characterization of the mechanism(s) of
A, ,-mediated control of striatal output. In the striatum, terminals expressing A,,Rs accounted for 25% of the labeled
elements. These presynaptic receptors may facilitate excitatory glutamatergic, inhibitory GABAergic, and possibly cholin-
ergic striatal transmission. However, the majority of striatal A,,R immunoreactivity was found on postsynaptic elements,
including dendrites of striatopallidal neurons, in which Aj,R and GABA immunoreactivity is colocalized. Activation of
these receptors may promote GABAergic signaling in striatopallidal output neurons and their local axon collaterals in the
_striatum. Many of the Ays-labeled dendrites were contacted by terminals forming asymmetric (excitatory) possibly

. glutamatergic synapses. Using the vesicular glutamate transporters (VGLUTs) as markers of glutamatergic termi-
nals, the authors have found that VGLUT1-immunoreactive (ir) terminals make asymmetric contacts on Ay,-ir spines
-and spine heads in the striatum, suggesting that regulation of striatal output by A,,R stimulation may involve
facilitation of the cortical glutamatergic excitatory input to striatopallidal neurons. These ultrastructural findings suggest
several pathways through which A,, receptor blockade may act to dampen the elevated striatopallidal GABAergic signaling
that occurs in PD. , R .
NEUROLOGY 2003;61(Suppl 6):512-518

Adenosine A,, receptors (AysRs), which are highly ~ the mRNAs for A,, and D, receptors are colocalized
expressed in the basal ganglia, have become a target in striatopallidal neurons,*® where they are physi-

of therapeutic interest for a number of diseases, in- cally and biochemically poised to mediate adenosine—
cluding Parkinson’s disease (PD),“? mostly because dopamine antagonistic interactions,®® has focused
of their discrete anatomic localization and biochemi-  attention on blocking A;sRs as another potential

means for resetting the motor imbalance in PD. We
have taken the approach of studying the subcellular
localization of A,sRs to enhance understanding of
adenosine’s role as a neuromodulator in the basal
ganglia. This article will briefly review the anatomy
of A,,Rs in striatum and will integrate our recent
findings in the context of striatal circuitry with a
wealth of published data on AysRs to suggest a spec-
ulative model for multiple mechanisms by which
these receptors may modulate striatal function.

cal interaction with dopamine D, receptors.? The
progressive degeneration of nigrostriatal neurons
that occurs in PD results in a loss of dopaminergic
input to striatal output neurons and enhanced stria-
topallidal GABAergic signaling, resulting in the mo-
tor disturbances that are characteristic of the
disease. With declining levels of dopamine, which
normally regulates the direct (striatonigral) and in-
direct (striatopallidal) output pathways of the basal
ganglia, an imbalance occurs in the outflow of inhib-
itory GABAergic projection neurons. Replacement of
dopaminergic input by administration of exogenous  Distribution of A,, receptors in CNS. Begin-
L-dopa has been the primary therapeutic strategy for ~ ning with some of the earliest studies of the distribu-
the management of PD for decades. The finding that  tion of A,,Rs in the brain, studies of receptor
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Figure 1. Working model for the
morphologic basis of Ay, action in
basal ganglia: potential sites for
modulation of striatal function. A
simplified drawing of the striatal
output neurons (GABAergic projec-
tion neurons of the indirect pathway
that express enkephalin [enk], dopa-
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adenosine receptors [A,,Rs] and of
the direct pathway that express sub-
stance P [SP], dopamine D, receptors
[D,], and adenosine A, receptors
[A,]) and the four interneuronal cell
types (GABAergic interneurons, clas-
sified based on their histochemical
profiles as labeled, and cholinergic

A)AR interneurons that express acetylcho-
O D,-DA line [ACh]) illustrates the known ex-
® mGIuRS trinsic inputs and established

connections in the striatum. Putative
and postulated sites of subcellular

localization of AysRs are given based on our ultrastructural findings and biochemical, physiologic, and anatomic results

in the literature. The diagram is not meant to show all the neurochemical messengers and their receptors in the striatum

but emphasizes the role of the A, Rs in modulating the output pathways of the striatum. CTX = cortex; DA = dopamine;
glu = glutamate; GPe = globus pallidus, external segment; mGluR5 = metabotropic glutamate receptor; NOS = neuronal
nitric oxide synthetase; NPY = neuropeptide Y; SN = substantia nigra; SST = somatostatin. :

binding have shown that A,,Rs are abundantly ex-
pressed in striatum. Membrane binding and ligand
-binding autoradiographic studies in brain slices us-
ing agonist and antagonist radioligands have demon-
‘strated high levels of A,,Rs in the striatum, nucleus
accumbens, olfactory tubercles, and globus pallidus
(GP) of rat and human brain.”!* Lower levels of ex-
trastriatal binding sites have been revealed in some
studies,15 but these will not be discussed here. We
have corroborated these findings immunohistochemi-
cally using an antibody directed against purified re-
combinant human A,,R.’® The antibody epitope has
been mapped to a region of the receptor in the third
intracellular loop that is conserved in multiple spe-
cies, including humans, rats, and mice. No specific
immunoreactivity is found in brains derived from
mice in which the A,,R gene has been deleted. In
wild-type mice and rats, dense A,,R-like immunore-
activity was detected in the neuropil of the striatum,
nucleus accumbens, olfactory tubercles, and portions
of the extended amygdala. Lighter labeling was
found in the nucleus of the solitary tract and in the
GP, presumably in terminals of vagal afferents and
striatal projection neurons, respectively.

In situ hybridization studies describing the distri-
bution of A;ysR mRNA in brain*5'*?! have demon-
strated that A, R mRNA in striatum is found almost
exclusively in medium spiny neurons that also ex-
press preproenkephalin!” and dopamine D, receptor
mRNA#1820.22 gnd is not colocalized (or only to a lim-
ited extent) in striatal neurons that express sub-
stance P and dopamine D; receptor mRNA. A,,R
mRNA has not been detected in GP or on striatal

GABAergic interneurons, but the expression in cho-
linergic interneurons, and similarly the ability of
A,,Rs to regulate acetylcholine (ACh) release, has
been controversial.215232¢ The segregated expression
of A,,Rs in the striatopallidal pathway and the colocal-
ization with dopamine D, receptors have formed the
basis for a large body of work on adenosine—dopamine
interactions in striatum and potential applications to
neurologic and neuropsychiatric disorders.??528

A, .Rs and striatal circuitry. The localization of
A, ,Rs in the brain within the context of striatal cir-
cuitry is illustrated in figure 1. This working hypo-
thetical model proposes potential sites of regulation
of striatal function by Ay Rs and is based on our
findings and published results from other groups. A
complete survey of all the relevant data on A,,Rs
that support this diagram is beyond the scope of this
article, although reviews can be found elsewhere.?1
Figure 1 also draws on a wealth of studies that have
defined the anatomy of the striatum?-® and is meant
to focus on the primary types of striatal neurons, the
sources of extrinsic and intrinsic input, and the tar-
gets of the projection neurons, but it does not illus-
trate the extended feedback circuitry of the basal
ganglia. The majority of cells in the striatum (95%)
are the medium-sized GABAergic spiny neurons,
which can be divided into two subpopulations—the
striatopallidal and striatonigral neurons—based on
their projection patterns and neurochemical pheno-
type, as shown in figure 1. Cholinergic and GABAer-
gic interneurons constitute the remaining striatal
neurons, and the GABAergic interneurons can be di-
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Ultrastructural findings

Suggested interpretations

Unlabeled (or VGLUT1) terminal,
asymmetric synapse (excitatory)
on A, dendrite

ooo

KO Unlabeled terminal, symmetric
i V- synapse (inhibitory) on Ay,
S {\ dendrite

BN

Cortical glutamatergic inputs to striatopallidal
neurons. Synergistic interaction between
postsynaptic A,,-ARs and gluRs.

Terminals of GABAergic or cholinergic inter-
neurons, local axon collaterals of GABAergic
projection neurons or DAergic nigrostriatal
neurons contacting striatopallidal neurons.

N
| oo

/.
B 000 N
Y=

ERA2? Double labeled terminal,
»::ﬁ%‘o‘ symmetric synapse

&

.

<>
o
% f-‘; (inhibitory) on GABA-
dendrite

O Unlabeled

A,, terminal, asymmetric
synapse (excitatory) on
unlabeled dendrite

A, terminal, symmetric
synapse (inhibitory) on
unlabeled dendrite

A,,-terminal, symmetric
synapse (inhibitory) on
double labeled-dendrite

Aoa @) GABA

vided into three subtypes based on the coexpression of
other neurotransmitters and neuromodulators. A,,Rs
are highly expressed in the striatopallidal neurons
within the striatum. A somewhat lower level of expres-
sion in the GP can likely be attributed to receptors on
terminals of the striatopallidal neurons. Localization of
A,xRs on cholinergic interneurons and terminals of
corticostriatal neurons in the striatum, although con-
troversial, would be consistent with a role for adeno-
sine in regulation of ACh and glutamate release in the
striatum. Each of these sites will be discussed in more
detail in reference to our ultrastructural findings.

Ultrastructural localization: A;,Rs and GABA.
To further elucidate mechanisms by which stimula-
tion of A;uRs can modulate the activity of striatal
neurons, we examined the ultrastructural localiza-
tion of AysRs in the striatum.® Our initial experi-
ments revealed that A, Rs are found predominantly
at postsynaptic sites in the striatum (70% of labeled
profiles were dendrites and dendritic spines, and 3%
were soma) but that presynaptic (23%) and glial (3%)
receptors are also present. The somatodendritic lo-
calization of receptors most likely represents
GABAergic striatopallidal neurons. To determine an-
atomic substrates for A,,R-GABA interactions, we
then examined the colocalization of AyyR and GABA.
The majority of double-labeled profiles were den-
drites (77%) with double-labeled soma (11%) and ax-
ons (11%) accounting for the remainder.
Examination of synaptic relationships in the
single- and double-labeling experiments revealed
that the majority of contacts involving A,,R-labeled
profiles contained asymmetric synapses, which are
indicative of synapses formed with excitatory presyn-
aptic elements. These contacts included unlabeled
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Terminals of cholinergic interneurons or
local axon collaterals of GABAergic
striatopallidal neurons. Ay,-AR stimulation
of GABA or ACh release.

Terminals of local axon collaterals of
GABAergic striatopallidal neurons on GABA-
ergic striatopallidal or striatonigral neurons.
A,,-AR stimutation of GABA release.

Striatopallidal neurons contacted by terminals
of local axon collaterals of striatopallidal
neurons or cholinergic interneurons. A,,-AR
stimulation of GABA or ACh release.

& A, +GABA

Cortical glutamatergic inputs. A,-AR
stimulation of giu release.

Figure 2. Summary of ultrastruc-
tural studies of Ay, adenosine recep-
tors (A,oR) and GABA localization
in striatum.

terminals synapsing on A, R dendrites, spines, and
soma and A,,R terminals contacting unlabeled so-
matodendritic sites. These results suggest that
A ARs are crucially poised at the cellular level to
modulate the excitatory glutamatergic cortical input
to the striatum. Symmetric or inhibitory contacts,
although fewer in number, were also observed and
could originate from extrinsic D, dopamine inputs or
local axon terminals of cholinergic or GABAergic
striatal interneurons or GABAergic projection neu-
rons. These two main categories of symmetric and
asymmetric synapses can be further divided accord-
ing to the identity of the labeled elements as shown
in figure 2. In figure 2, we summarize our findings
and assign possible interpretations for each observed
synaptic relationship. Some of the key points of fig-
ure 2 will be discussed below. The increase in neuro-
nal activity in the striatopallidal pathway and the
decrease in the output from the GP produced by
A AR activation in the basal ganglia are likely the
sum total of the effects at presynaptic and postsyn-
aptic sites (i.e., on soma, dendrites, or nerve termi-
nals). Whether directly at presynaptic terminals or
indirectly by increased impulse flow, we speculate
that facilitation of neurotransmitter release by AgaR
activation, secondary to stimulating cyclic adenosine
monophosphate (cAMP) accumulation and activating
protein kinase A, plays prominently in the integra-
tion of AjuR effects.

Several studies using different techniques have
shown variously that Aj,,R stimulation either in-
creases or decreases GABA release in the GP or
striatum.?”#* The reason for this discrepancy re-
mains unresolved. Although it seems unlikely that
activation of one receptor subtype could have inhibi-
tory and stimulatory effects on neurotransmitter re-
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lease, the integration of the physiologic effects of
activation of receptors at multiple sites may account
for inconsistent observations. We found A,,R-labeled
terminals in GP (Rosin et al., unpublished observa-
tions) that are likely terminals of striatopallidal neu-
rons where A, R activation facilitates GABAergic
transmission.372%434¢ By contrast we found A,,Rs (or
the colocalization of A, Rs and GABA) in striatum at
somatodendritic sites and in terminals forming sym-
metric synapses on GABAergic dendrites or soma
indicative of prejunctional and postjunctional sites of
A, R-mediated regulation of GABA release in stria-
tum. One may predict that activation of presynaptic
A,,Rs should facilitate GABA release in the striatum
as it does in the GP. At postsynaptic sites stimulation
of striatal somatodendritic A,,Rs could directly stimu-
late the activity of GABAergic neurons, which could
lead to enhanced GABA release from terminals in the
GP and from terminals of local axon collaterals in the
striatum. Inhibitory effects of locally released GABA on
other medium spiny neurons could subsequently lead
to decreased GABA release from local axon collaterals
of the affected neurons. These conflicting effects may
account for inconsistent experimental observations.
Therefore, the output of the medium spiny neuron af-
ter Ay, R activation would likely involve an integration
of signals, including direct effects on striatopallidal
neurons and inhibitory input from recurrent collater-
als. Ultrastructural evidence for synaptic connections
between striatal projection neurons**’ is now sup-
ported by physiologic evidence for a functional role of
lateral inhibition in striatal output.®

Ultrastructural localization: A, ,Rs and gluta-
mate. Our ultrastructural findings that many Agy,-
immunoreactive (ir) dendritic profiles in striatum
receive asymmetric synaptic contacts suggest this is
a site for A;,R modulation of excitatory input (likely
the corticostriatal glutamatergic neurons) to striatal
GABAergic neurons. Recent studies demonstrated a

Figure 8. Electron micrographs
showing glutamatergic (vesicular
glutamate transporter [VGLUT]
1-containing) terminals (Glu-T) la-
beled with silver-intensified immuno-
gold making asymmetric synapses
(arrows) on A, ,-immunoreactive
dendrites (A; As,-D) and dendritic
spines (B, C; A, ,-s) containing im-
munoperoxidase reaction product.
Scale = 0.3 um.

functional synergistic interaction between A,,Rs and
both NMDA receptors**®! and metabotropic gluta-
mate receptors (mGluR5),% including evidence for
A, ,R/mGluR5 heteromerization.5?5* These studies
support the hypothesis that excitatory neurons con-
tact striatopallidal neurons at subcellular domains
containing A,,Rs that act to facilitate glutamatergic
transmission. The observation of A,,R stimulation of
glutamate release® supports the presence of presyn-
aptic A;sRs on glutamatergic terminals. Therefore,
we were prompted to directly examine an adenosine—
glutamate interaction in striatum by dually labeling
for A,,Rs and glutamate terminals.

The histologic identification of glutamate cell bod-
ies and terminals using specific reagents has been
vastly simplified by the discovery of three unique
proteins identified as vesicular glutamate transport-
ers (VGLUT).556! The majority of known glutamater-
gic neurons in brain express either VGLUT1 or
VGLUTZ2,585162 whereas VGLUT3 was found in small
populations of cells in the cortex, hippocampus, stri-
atum, and raphé.606364 It is not clear yet if each of
these different transporters serves a unique function
in glutamate neurons or if they identify different
subtypes of glutamate neurons (aside from their an-
atomic localization).

Using antibodies directed against these transport-
ers as markers of glutamatergic terminals, we have
begun to examine at the ultrastructural level the
notion that regulation of striatal output by A,, re-
ceptor stimulation may involve enhancement of exci-
tatory input from the cortex to striatal projection
neurons. Our preliminary studies show that
VGLUT1-labeled terminals make asymmetric syn-
apses on A,,-labeled dendrites in the striatum (fig-
ure 3A). This is the first direct anatomic evidence for
As,R modulation of excitatory glutamate input to
striatopallidal neurons. Particularly interesting is
the observation that some of these VGLUT1 termi-
nals synapse on the head of A, ,-ir spines (figure 3, B
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and C), in keeping with the idea that this excitatory
input originates from the cortex. This interpretation
is consistent with the highly specific topography of
synaptic inputs onto medium spiny neurons.? Specif-
ically, cortical afferents form asymmetric synapses
predominantly on the head of striatal spines at the
distal portion of the dendritic tree. Excitatory signal
can be transmitted directly to the dendritic shaft
unopposed, or it may be modulated by an inhibitory
signal in cases where dopaminergic afferents syn-
apse on the neck of the same spine. The juxtaposi-
tion of AgsRs with cortical and nigral afferents in the
latter case would situate A, Rs ideally for integrat-
ing glutamatergic and dopaminergic input to
GABAergic striatal neurons.

Although it is known that the striatum receives a
topographic distribution of inputs from specific areas
of the cortex, there is no evidence yet for whether
these excitatory neurons show any phenotypic differ-
ences (e.g., if there is a segregation of neurons based
on expression of vesicular glutamate transporter).
And although terminals from all three types of
VGLUT-expressing neurons have been found in stri-
atum,5®0 it is not known which types contact striato-
pallidal neurons, much less A,,R-containing
somatodendritic domains of striatopallidal neurons.
Given the differential distribution of each of the
VGLUTSs, it will ultimately be important to deter-
mine if striatal output neurons receive input prefer-
entially from neurons expressing one of these
transporters or if terminals from all three VGLUT-
expressing neuronal phenotypes make synaptic con-
tact on A,,R-containing cellular domains.

Multiple mechanisms for integration of striatal
function. The ability of adenosine to alter basal
ganglia function likely depends on the localization of
A,ARs at multiple sites that modulate the inputs to
and output activity of GABAergic striatopallidal pro-
jection neurons. Returning to our working model, we
summarize our ultrastructural findings and examine
multiple mechanisms by which A, Rs could modu-
late striatal function (see figure 1). We use this
model to discuss five key sites of localization (as
identified numerically in figure 1; numbers in paren-
theses below refer to these numbered sites) and to
suggest interpretations and physiologic relevance of
these findings, as follows.

1. Presynaptic A,,Rs are occasionally found on ex-
citatory terminals forming asymmetric syn-
apses on unlabeled dendrites (12% of all A,5R-
containing synaptic contacts). These could be
glutamatergic corticostriatal terminals contact-
ing GABAergic projection neurons (1A, D) or
GABAergic interneurons (1B, C) where AjsRs
could stimulate glutamate release.

2. More prominent is the observation that somato-
dendritic A;5Rs are frequently found postsyn-
aptically to unlabeled terminals forming
asymmetric synapses (83% of all AyR-
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containing synaptic contacts), suggesting a site
for modulation of excitatory input (possibly glu-
tamatergic corticostriatal neurons) to GABAer-
gic striatopallidal neurons. Results showing
VGLUT1-labeled terminals contacting A;,R
dendrites, and specifically A,5R spines, al-
though still preliminary, provide additional evi-
dence for glutamatergic input from cortex to
A, R-expressing striatal neurons and provide
the morphologic basis for a synergistic interac-
tion of A,,Rs with mGluR5 receptors postsyn-
aptic to glutamate terminals.

3. The prevalence of somatodendritic A;pRs in ul-
trastructural studies (~70% of all A,,R-labeled
profiles)—either in single-labeled profiles or
colocalized with GABA—is consistent with the
localization of A,,Rs on GABAergic striatopalli-
dal neurons. Receptors have been found
postsynaptically to inhibitory (symmetric) input
from unlabeled or GABA-labeled terminals that
could originate from GABAergic interneurons
(3A, C), cholinergic interneurons (3B), local
axon collaterals from striatopallidal (3D) or
striatonigral (3F) neurons, or dopaminergic in-
puts from substantia nigra (3E). The latter case
would, of course, form the basis for sites of an-
tagonistic interactions between AgaRs and do-
pamine D, receptors.

4. Presynaptic A, Rs are occasionally found on
terminals forming symmetric synapses (~3% of
all A, R-containing synaptic contacts) with
GABA-labeled or unlabeled soma or dendritic
profiles. Single-labeled A, R-containing termi-
nals could originate from cholinergic interneu-
rons (although this has been a controversial
topic) where A,,Rs could modulate the release
of ACh onto GABAergic projection neurons (44,
B). More likely is the possibility that A;,Rs are
found presynaptically at terminals of GABAer-
gic striatopallidal local axon collaterals where
they could enhance the release of GABA onto
either type of GABAergic projection neuron, re-
sulting in functional inhibition (4C, D).

5. A, R-expressing GABAergic neurons in the
striatum that project to the GP express AjyRs
at their terminals in the GP where they could
enhance the release of GABA.

Although some of these points remain to be
proven experimentally, it is hoped that this model
can provide a framework for development of hypoth-
eses and strategies for future studies on the role of
adenosine in modulating striatal function.
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Receptor heteromerization in adenosine
A, , receptor signaling

Relevance for striatal function and Parkinson’s disease

K. Fuxe, MD, PhD; L.F. Agnati, MD, PhD; K. Jacobsen; J. Hillion, PhD; M. Canals, BSc; M. Torvinen, PhD;
B. Tinner-Staines; W. Staines, PhD; D. Rosin, PhD; A. Terasmaa, MSc; P. Popoli, MD; G. Leo, PhD;
V. Vergoni, PhD; C. Lluis, PhD; F. Ciruela, PhD; R. Franco, PhD; and S. Ferré, MD, PhD

Abstract—Recently evidence has been presented that adenosine A,, and dopamine D, receptors form functional hetero-
meric receptor complexes as demonstrated in human neuroblastoma cells and mouse fibroblast Ltk ™ cells. These Ay4/D,
heteromeric receptor complexes undergo coaggregation, cointernalization, and codesensitization on D, or A,, receptor
agonist treatments and especially after combined agonist treatment. It is hypothesized that the A,,/D, receptor heteromer
represents the molecular basis for the antagonistic A,,/D, receptor interactions demonstrated at the biochemical and
behavioral levels. Functional heteromeric complexes between A,, and metabotropic glutamate 5 receptors (mGluR5) have
also recently been demonstrated in HEK-293 cells and rat striatal membrane preparations. The A,,/mGluR5 receptor
heteromer may account for the synergism found after combined agonist treatments demonstrated in different in vitro and
in vivo models. Dy, A,,, and mGluR5 receptors are found together in the dendritic spines of the striatopallidal GABA
neurons. Therefore, possible Dy/A,,/mGluR5 multimeric receptor complexes and the receptor interactions within them
may have a major role in controlling the dorsal and ventral striatopallidal GABA neurons involved in Parkinson’s disease
and in schizophrenia and drug addiction, respectively.

NEUROLOGY 2003;61(Suppl 6):5S19-523

The A,,/D, heteromeric receptor complex.
Evidence has accumulated that intramembrane an-
tagonistic receptor—receptor interactions between
adenosine A,, and dopamine D, receptors exist in
dorsal and especially in the ventral striatum as stud-
ied in biochemical and receptor autoradiographic
experiments.’* Both receptors are located on the
dendritic spines of the striatopallidal GABA neu-
rons.>¢ In 2002, it became possible to demonstrate
the existence of A,,/D,; heteromeric receptor com-
plexes in membrane preparations from human D,
receptor (long-form) stably transfected SH-SY5Y
neuroblastoma cells and from mouse fibroblast Ltk ™
cells stably transfected with human D, (long-form)
receptors and transiently cotransfected with the Agy
receptor double tagged with hemagglutinin.” It was
observed that the A,,/D, heteromeric receptor com-
plexes existed in the absence of exogenous Ay, and
D, receptor agonists and therefore represented con-
stitutive heteromers. Experiments using biolumines-
cence resonance energy transfer (BRET) and
fluorescence resonance energy transfer (FRET) tech-
niques indicate that the A,,/D, heteromeric receptor

complex represents a heterodimer (Canals et al., un-
published observations).

Based on these observations, it is likely that the
A, receptor agonist-induced reduction of D, recep-
tor affinity, mainly involving the high-affinity state,
is caused by an activation of the A, receptor in the
heteromeric receptor complex causing a conforma-
tional change in the binding pocket of the D, recep-
tor.® Ay, receptor activation also leads to a reduction
of the G-protein coupling of the D, receptor as seen
from an antagonism of the GTP-induced cross-
regulation of the D, receptor with a disappearance of
the high-affinity state.? These events result in a re-
duction of D, receptor signaling as inferred from the
ability of A,, receptor agonists to counteract the re-
duction of adenylyl cyclase activity” and the changes
in intracellular Ca®* levels®® induced by D, recep-
tors. Conversely, D, receptor activation antagonizes
A, receptor signaling by a G;-mediated inhibition of
the A,,/G activated adenylyl cyclase, which seems
to be particularly pronounced in the dorsal stria-
tum.!! The existence of the A,,/D, heteromeric recep-
tor complex is probably also the molecular
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mechanism underlying the demonstrated coaggrega-
tion, cointernalization, and codesensitization of Ay,
and D, receptors on A,, or D, receptor agonist treat-
ments.” It is of substantial interest that combined D,
and A,, receptor agonist treatment markedly en-
hances the cointernalization and codesensitization of
the A,, and D, receptors. Therefore, the A,,/D, het-
eromeric receptor complex may make A,,/D, recep-
tor cotrafficking possible.

Relevance of the A,,/D, heteromeric receptor
complex for PD and its management. Based on
the above, it seems likely that the recently demon-
strated antiparkinsonian actions of A,, receptor an-
tagonists in humans (see Chase, page S107) are to a
substantial degree caused by blocking the action of
endogenous adenosine on Ay, receptors of the A,,/Dy
receptor heteromer, leading to enhancement of D,
receptor signaling.!® This may permit the reduction
of the L-dopa dose and thus reduces the development
of the 1-dopa—induced dyskinesias related to a
change in the phenotypic character of striatal
GABAergic neurons with overexpression of pro-
dynorphin and glutamic acid decarboxylase (GAD)
mRNA levels!? (see Chen et al., page S74).

Carta et al.’® (see Carta et al., page S39) have
shown that combined treatment with an A,, recep-
tor antagonist and a low dose of L-dopa did not pro-
duce the possibly deleterious long-term increases in
GAD, dynorphin, and enkephalin mRNA levels. By
contrast, repeated treatment with a higher dose of
L-dopa alone (which produced the same acute motor
stimulant effect as did the combination of rL-dopa
plus A,, antagonist) led to a significant increase in
striatal GAD, dynorphin, and enkephalin expression.
This absence of striatal gene inductions with re-
peated L-dopa plus A,, antagonist was correlated
with a stable turning response, in contrast to the
sensitized turning response that developed after re-
peated treatment with L-dopa alone in this hemipar-
kinsonian model in rats.!® It is of note that A,
receptor antagonists alone produce antiparkinsonian
effects without dyskinesias in parkinsonian
monkeys.!*16 It has also been indicated that long-
term L-dopa therapy requires A,, receptors for per-
sistent behavioral sensitization as studied in A,,
receptor knockout mice.'?

The loss of inhibition of Ay, receptor signaling by
the reduced D, receptor signaling in patients with
Parkinson’s disease (PD) adds to the parkinsonian
symptoms, and thus antiparkinsonian actions of Agy
receptor antagonists can be related not only to an
enhancement of D, receptor signaling but also to the
blockade of increased Ay, receptor signaling of the
hypodopaminergic state.!8 Ay, receptor antagonists
can counteract motor inhibitory and cataleptic ef-
fects after genetic and pharmacologic disruptions of
D, receptor-mediated transmission.%0

Data on A,,/D, receptor cotrafficking” suggest
that increased A,,/D, receptor cointernalization in
response to long-term 1-dopa therapy, in combination
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with increased striatal adenosine tone,” may contrib-
ute to the deterioration of the therapeutic action of
L-dopa. Simply stated, the desensitization may result
from a decreased membrane presence of the D,
receptor.

There is also the possibility that A,, receptor an-
tagonists can show neuroprotective activity because
a higher coffee and caffeine intake was associated
with reduced risk for PD.2%22 A,, receptor antago-
nists may reduce excitotoxicity?® because, for exam-
ple, the stimulation of striatal glutamate release by
metabotropic glutamate 5 receptor (mGluR5) ago-
nists involves A,, receptors.®

In our opinion, an important aspect to be further
investigated to reach a better understanding of the
sensitization/desensitization process of the D, recep-
tors may reside in the stoichiometry of the A,,/D,
receptor heterodimers vs the A,, and D, receptor
monomers and homodimers present at the plasma
membrane level. In particular, long-term L-dopa
therapy may induce internalization of Ay, and D,
receptors when associated as heterodimers, whereas
it may not affect A,, receptors existing as monomers
or homodimers.” Therefore, the relative amount of Dy
receptors in the two forms may be of importance in
controlling the manifold aspects (efficacy and po-
tency of D, signaling trafficking, sensitization, and
desensitization) of the neuronal response to long-
term L-dopa therapy.

The A,,/mGluR5 heteromeric receptor com-
plex. Our interest in Ay,/mGluR5 receptor interac-
tions started with the demonstration that A,, and
group I mGluR receptor agonists could synergisti-
cally reduce affinity of D, receptor in striatal mem-
branes.?s Recently it has been possible to show the
existence of heteromeric receptor complexes between
A,, receptors and the group I mGluR receptor sub-
type mGluR5 in coimmunoprecipitation experiments
in HEK-293 cells cotransfected with Flag-A,, and
hemagglutinin mGluR5 receptors and in rat striatal
membrane preparations involving native Ay, and
mGluR5 receptors.? In contrast, there was a lack of
coimmunoprecipitation between mGluR5 and
mGluR1p (an isoform of another group I mGluR re-
ceptor) receptors. In agreement, it was found that
the A,, and mGluR5 receptors were colocalized on
the membrane surface of cotransfected HEK-293
cells as shown with confocal laser microscopy after
transient cotransfections. Furthermore, in prelimi-
nary fluorescence microscopy experiments with opti-
cal sectioning techniques (using the exhaustive
photon reassignment process) we have found evi-
dence for a strong A,,/mGluR5 receptor colocaliza-
tion in rat striatal primary cultures (figure). The
detailed quantitative analysis of these results is in
preparation (only the images corresponding to the
pictures in the figure have been analyzed). It is pres-
ently unknown if adapter proteins, such as Homer
proteins or the Shank family of scaffold proteins,
link mGluR5 and A,, receptors together in the het-
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Figure. Colocalization of A, and metabotropic glutamate 5 (mGluR5) receptor immunoreactivities in the soma (A) and
soma and dendrites (B) of striatal neurons in primary cultures (day 15 in vitro). Cryopreserved primary striatal neurons
were obtained from @BM Cell Science (R-Cp-502; Ottawa, Canada). Cells were stored in liquid nitrogen until use. Cells
were immunostained with rabbit anti-mGluR5 receptor (1:100; Upstate Biotechnology, Lake Placid, NY) and mouse anti-
A, receptor (1:1000) antibodies.® Goat antirabbit Alexa-Fluor 488 (1:400; Molecular Probes, Eugene, OR) and goat anti-
mouse CY3 (1:400; Sigma Chemical Co., St. Louis, MO) conjugated antibodies were used as secondary antibodies. The
immunostaining procedure is the same as described in detail elsewhere for permeabilized cells’’ (the Ay, receptor anti-
body is directed against an intracellular epitope®®) with some modifications. Cells were analyzed by double immunofluo-
rescence with confocal-like microscopy. Superimposition of the red (CY3) and green (Alexa-Fluor 488) images reveals the
A, /mGluRS5 receptor colocalization in yellow (magnification bar, 100 um). The “Boolean colocalization” (overlap of the

field areas between Ay, and mGluRS5 receptors) at soma level was equal to approximately 33% of the entire soma field
area, whereas the “yellow colocalization” (overlap of the field areas between A,, and mGluR5 receptors where red and
green emission showed similar intensity of emission) at soma level was equal to approximately 4.5% of the Boolean colo-
calization. This yellow colocalization most probably represents the area with the highest ratio of Ay, /mGluR5 receptor
heteromeric complexes vs Ay, and mGIuR5 homomeric (or monomeric) receptor complexes (for detailed description of the

method, see elsewhere®?).

eromeric receptor complex. The Homer proteins can
bind to the C-terminal part of mGluR5 receptor and
produce their clustering, and the Shank proteins link
together the mGluR5 with the NMDA receptors. The
A, ,/mGluR5 receptor heteromer was also present in
the absence of exogenous agonists and appeared to
be preformed, like the A,,/D, receptor heteromer.

In the HEK-293 cells, it was possible to give a
functional correlate to the Ay,/mGluR5 heteromeric
receptor complex.?® Therefore, A,,/mGluR5 receptor
coactivation produced a synergistic interaction at the
level of extracellular signal-regulated kinase 1/2
(ERK) phosphorylation and c-fos expression. These
and other results suggested that the A,,/mGluR5
heteromeric receptor complex is involved in striatal
neuron plasticity, including long-term potentiation
and depression.?® This synergism may be brought
about by independent signals interacting at the level
of the mitogen-activated protein kinase (MAPK) cas-
cade.?” There is also the possibility that on coactiva-
tion of the heteromeric receptor complex, a
multireceptor complex may be assembled with recep-
tor tyrosine kinases or nonreceptor tyrosine kinase
Sre, leading to ERK activation.?®3? Another possible
mechanism involved in the synergism between Ay,
and mGluR5 receptors could be the modulation of

mGIluR5 receptor desensitization, which has been
demonstrated for NMDA/mGluR5 and group II
mGluR/mGluR5 receptor interactions.’®*%* In these
cases, the modulation seems to depend on the activa-
tion of phosphatase 2B, which reverses the agonist-
induced protein kinase C-mediated desensitization of
mGIuR5 receptors.333¢ However, this mechanism
would imply synergistic interactions at the second-
messenger level (Ca%* mobilization),?32 which could
not be demonstrated in A,,/mGluR5 receptor-
cotransfected HEK-293 cells.2¢

A similar A,,/mGluR5 receptor synergism could
be demonstrated in the rat striatum for c-fos expres-
sion correlated with a synergistic A, /mGluR5-
mediated counteraction of phencyclidine-induced
motor activity.?® It is well known that this motor
activity depends on D, receptor activity and has so
far been blocked only by a high degree of D, receptor
blockade. Therefore, the results suggest that A,,/
mGIuR5 receptor costimulation can override a strong
D, receptor-mediated transmission at the behavioral
level. Long-term, but not short-term, treatment with
an mGluR5 receptor antagonist can reverse the aki-
netic deficit in a model of PD.% It seems possible that
this can in part be caused by an internalization and
downregulation of the Ay,/mGluR5 heteromeric re-
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ceptor complex removing the D, receptor from inhibi-
tion of its signaling. In addition, there may also exist
an acute mGluR5 receptor antagonist-induced coun-
teraction of D, receptor blockade with haloperidol as
seen from reduced rigidity and catalepsy?®® that may
in part be exerted at the network level (e.g., at the
level of the subthalamic nigral glutamate system).

The possible existence of A,,/Dy,/mGluR5 multi-
meric receptor complexes. The A;,/mGluR5
heteromeric receptor complexes appear to be prefer-
entially located at dendritic spines of striatopallidal
GABAergic neurons?®?” like the A,,/D, heteromeric
receptor complexes. Based on the aforementioned ob-
servations, it seems a reasonable hypothesis that
there exist Ayx/Do/mGluR5 multimeric receptor com-
plexes in the dendritic spines of the striatopallidal
GABA neurons.
Observations supporting this hypothesis:

1. A,, and group I mGluR synergistically reduced
the affinity of the high-affinity state of the stri-
atal D, receptors in membrane preparations.?

2. Group I mGluR activation synergistically poten-
tiated the ability of the A,, receptor agonist
CGS21680 to counteract D, receptor agonist
(quinpirole)-induced contralateral rotational
behavior.?

3. The mGluR5 receptor agonist CHPG reduced
the affinity of the high-affinity state of the D,
receptor, an action potentiated by CGS21680.%

4. CHPG inhibited contralateral rotational behav-
iors induced by quinpirole, an effect potentiated
by CGS21680.%

5. The mGluR5 receptor agonist CHPG in the nu-
cleus accumbens increased GABA release in the

ventral pallidum, an action strongly potentiated
by coperfusion with CGS21680.3°

6. Coperfusion with quinpirole counteracted the
increases in ventral pallidal GABA levels by
CGS21680 and CHPG.*

These results are compatible with the existence of
Ays/Dy/mGluR5 multimeric complexes that are im-
portant in regulation of the dorsal and ventral stria-
topallidal GABA neurons and are of high relevance
for management of PD (dorsal system) and schizo-
phrenia and drug dependence (ventral system).
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A, , receptor and striatal
cellular functions

Regulation of gene expression, currents, and
synaptic transmission

S.N. Schiffmann, MD, PhD; D. Dassesse, PhD; P. d’Alcantara, PhD; C. Ledent, PhD; S. Swillens, PhD; and
Michele Zoli, MD, PhD

Abstract—A,, receptor is highly coexpressed with enkephalin and D, receptor in striatopallidal neurons. A, antagonists
acutely enhance motor behavior in animal models of Parkinson’s disease (PD) and are therefore considered potential PD
therapeutic agents. Analysis of gene expression regulation using pharmacologic tools or A receptor-deficient mice (Ay,™)
shows that the A,, receptor positively and tonically controls the expression of enkephalin and immediate early genes in
striatopallidal neurons. Because this regulation strictly mirrors the effect of D, receptor, these data strongly support the
hypothesis that A,, antagonists reduce the activity of striatopallidal neurons in models of PD. However, analysis of Ay,”
mice suggests additional effects of A,, receptor in the control of striatal physiology. Unexpectedly, these animals exhibited
a reduction in exploratory activity and a 50% reduction in substance P expression. This was associated with a 45%
decrease in the striatal extracellular dopamine concentration, suggesting that chronic absence of A,, receptor results in a
functional hypodopaminergic state in the striatum. The A,, receptor controls inhibitory synaptic transmission negatively
in the striatum and positively in the globus pallidus; this further supports the efficacy of A,, antagonists in reducing the
activity of striatopallidal neurons in PD. The A,, receptor does not modulate basal a-amino-3-hydroxy-5-methyl-4-
isoxazole proprionic acid (AMPA)-mediated excitatory corticoaccumbal synaptic transmission during normal physiologic
conditions. However, genetic inactivation or pharmacologic blockade of the A,, receptor significantly reduced long-term
potentiation (LTP) at this synapse. Therefore, this receptor is implicated in the induction of corticoaccumbal LTP, an effect
that could be related to its involvement in long-term behavioral sensitization to repeated dopaminergic treatment.
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striatum, A,, receptor expression is restricted to
enkephalin- and D, receptor-containing striatopalli-
dal neurons,>3¢ and this coexpression supports most,
if not all, functional interactions between these
receptors.

Medium-sized spiny neurons of the striatum give
rise to the output pathways of the basal ganglia sys-
tem. Two distinct populations of these efferent
GABAergic neurons have been recognized. Neurons
projecting to the globus pallidus express enkephalin
and form the striatopallidal pathway, whereas neu-

rons projecting to the substantia nigra pars reticu- Regulation of striatal gene expression. Neuro-

lata and entopeduncular nucleus express substance
P and dynorphin and form the striatonigral path-
way.! Although still controversial, dopamine recep-
tors appear to be largely segregated in these two
subpopulations with D; receptor expressed by stria-
tonigral and D, receptor mostly expressed by striato-
pallidal neurons.!? Striatonigral and striatopallidal
pathways have been recognized as excitatory and
inhibitory, respectively, to thalamocortical activity,*
although this scheme has been refined more recent-
ly.® Adenosine A,, receptors are particularly abun-
dant in the striatum in most mammalian species
studied so far,2351° although they are also expressed
at a much lower level in other brain areas.'*'? In the

nal immediate early gene (IEG) expression is rapidly
and strongly induced in response to a variety of stim-
uli. Quantitative assessment of IEG expression is
frequently used as a neuroanatomic tool to examine
neuronal activity because this expression is consid-
ered a robust indicator of changes in neuronal activ-
ity in most systems.’® The products of IEGs mostly
function as transcription factors to activate or re-
press other genes and are critical in mediating
stimulus-induced neuronal plasticity.

In the striatum, neuronal activity and ultimately
neuropeptide and IEG expression are controlled
through complex interactions between many neuro-
transmitters and their receptors. Among these, the
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dopaminergic nigrostriatal pathway differentially in-
fluences gene expression in both striatal subpopula-
tions. Reduction in dopamine input into the striatum
decreases substance P expression in striatonigral
neurons, whereas it increases enkephalin expression
in striatopallidal neurons; these alterations can be
reversed by activation of D; and D, receptors, re-
spectively.! Conversely, expression of IEG (i.e., c-fos
and zif-268 or NGFI-A) is increased or induced in
striatonigral neurons through activation of D; recep-
tors and in striatopallidal neurons after blockade of
D, receptors or dopamine depletion.'*'* D, antago-
nists and D, agonists, respectively, counteract these
inductions in IEG expression and may even reduce
their constitutive expression.1®

A,, receptor and neuropeptide gene expres-
sion. The reversal of the dopamine depletion-
induced increase in enkephalin gene expression by
D, agonists,’ the A,,/D, coexpression in striatopalli-
dal neurons,?3¢ and the opposite actions of these
receptors on signaling cascades have strongly sug-
gested a putative role for Ay, receptors in the control
of enkephalin gene expression. More precisely, it was
expected that blockade of Ay, receptors on striato-
pallidal neurons might counteract the increase in
enkephalin expression induced by dopamine deple-
tion. This hypothesis was first strongly supported by
the observation that a 15-day treatment with caffeine,
a nonspecific adenosine receptor antagonist, reduced
the level of enkephalin expression in the ipsilateral
striatum of unilaterally 6-hydroxydopamine (6-
OHDA)-lesioned rats (figure 1).2 The specificity of this
effect on striatopallidal neurons was suggested by the
absence of any change in substance P expression,
which remained strongly decreased (see figure 1).3
The involvement of the A,, receptor in the control of
enkephalin expression was supported further using
more selective A,, antagonists. Molecules such as
CGS15943A or KF17837 were able to counteract the
dopamine depletion- or D, receptor blockade-induced
increase in enkephalin expression.'™® Although
strongly suggestive, the pharmacologic analysis of
A, receptor function is hindered by the partial spec-
ificity and efficacy, as well as poor solubility and
brain penetration, of available adenosinergic ligands.
Therefore, these questions were further addressed by
disrupting the A,, receptor gene in mice.2**' Sup-
porting a role of A,, receptor activation in the con-
trol of gene expression in striatopallidal neurons,
enkephalin expression is slightly but significantly re-
duced in mice lacking this receptor (A,,”) (figure
92).20222¢ This decreased expression mainly occurs in
the lateral striatum.22?8 Interestingly, specific Agy
antagonist? or genetic inactivation of A,, receptor®
counteracted the increase in enkephalin expression
detected in the striatum of D, receptor-deficient mice
(D,”) and reversed the parkinsonian-like motor be-
havior observed in these mice.?? In the same way,
deficiency in A,, receptor strongly but partially re-
duced the ability of haloperidol to induce enkephalin

6-OHDA +.
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Figure 1. Enkephalin (A) and substance P (B) expression
detected by in situ hybridization in the striatum of saline-
treated rats (left) and of 6-hydroxydopamine (6-OHDA)-
lesioned animals subsequently treated with saline (middle)
or with caffeine (right). The 6-OHDA-lesion-induced in-
crease in enkephalin mRNA was partially reversed by caf-
feine (A), which did not affect the decrease in substance P
mRNA (B).

expression and catalepsy.?* Altogether, these data
demonstrate that postsynaptic Ay, receptors on
striatopallidal neurons positively regulate the ex-
pression of enkephalin, in balance with the negative
action of D, receptor. They also strongly suggest that
this control is at least partly independent of the do-
pamine D, receptor.

Available data on control of substance P expres-
sion are rather puzzling. A,, antagonists did not
modify substance P expression in rat'® or wild-type
mice,? whereas they increased substance P expres-
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Figure 2. Expression of enkephalin mRNA and substance
P mRNA was significantly reduced in the striatum of
A,y mice (right) compared with the wild-type mice (left).
Reprinted from Neuroscience, vol 107, D’Alcantara et al.,
pp 455-464, Copyright 2001, with permission from
Elsevier Science.
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sion in Dy”" mice.? Moreover, substance P expression
was strongly decreased in A,,” mice (see figure
2).202223 In agreement with this latter observation,
caffeine used at a dose acting principally on A,, re-
ceptor (see below) also decreased substance P expres-
sion.?? Further studies are required to explain these
discrepancies. Undoubtedly, a complex interplay ex-
ists between neurotransmitters such as dopamine,
acetylcholine, and glutamate, whose release is regu-
lated by A, and A,, presynaptic receptors.

A,, receptor and immediate early gene expres-
sion. First clues for a role of adenosine receptors in
the regulation of IEG expression came from data
showing that a high dose of caffeine dramatically
induced their expression in striatum.?® Because some
IEG, such as zif-268, are constitutively expressed at
a significant level in the striatum, it was further
demonstrated that caffeine exerts a biphasic effect.
Similar to its biphasic action on locomotor behavior
(stimulatory at low doses and inhibitory at high dos-
es), caffeine decreased striatal IEG expression at low
doses and increased it at high doses.!®?” Interest-
ingly, blockade of A,, receptors by specific molecules
(SCH58261) led to locomotor stimulation and inhibi-
tion of IEG expression in striatopallidal neurons.1%2®
This strongly suggests that the blockade of A,, re-
ceptors underlies the behavioral activation by low
dose of caffeine through a decreased activity of these
striatopallidal neurons. Several pharmacologic stud-
ies extended this concept by showing that A,, ago-
nists (CGS21680) stimulated c-fos expression in
striatal neurons of 6-OHDA-lesioned rats,* that the
reserpine-induced increase in c-fos expression was
reduced by coapplication of D, agonist and A,, an-
tagonists,?® and that the haloperidol-induced or
6-OHDA-induced increase in c-fos mRNA expression
in striatopallidal neurons was reduced by
SCH58261.3132 This role of Ay, receptor was defini-
tively demonstrated in A,,”" mice, in which the low-
dose effects of caffeine (decreased IEG expression
and stimulated locomotor behavior) were abolished,
whereas the high-dose effects persisted.??233 Alto-
gether, these data demonstrate that the A,, receptor
exerts positive tonic regulation of IEGs in striatopal-
lidal neurons, whereas the D, receptor exerts nega-
tive tonic regulation.

Conversely, the increase in IEG expression and
the depressant effect of high-dose caffeine were mim-
icked by the A; antagonist DPCPX?%33¢ and have
therefore been attributed to blockade of A, receptor.
This increase in IEG expression occurred in both
neuronal subpopulations through different mecha-
nisms involving an increase in release of neurotrans-
mitters such as dopamine and acetylcholine.?

Finally, it is noteworthy that the basal level of
IEG expression in A,,” mice was strongly decreased
not only in striatopallidal neurons but also in all
striatal neurons and in the cerebral cortex and hip-
pocampus.?2? This decrease is related to a reduction
in dopamine release?®® and leads to the hypothesis
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of a functional hypodopaminergic activity in these
mice.?? This is also supported by a paradoxical reduc-
tion in their locomotor behavior??+33:3¢ and by the
attenuated effect of psychostimulant agents.?¢

Regulation of currents and synaptic transmis-
sion. An intricate balance between excitatory and
inhibitory inputs controls the activity of striatal neu-
rons. These inputs can be modulated during the
short term or long term by many neurotransmitters.
Although the regulation of synaptic transmission
and neuronal ion currents by A,; receptor has been
thoroughly described in most brain areas, including
the striatum,?”® fewer data are available regarding
the action of A,, receptors. Three types of actions
have been considered so far: 1) the regulation of in-
hibitory synaptic transmission in the striatum and
the globus pallidus; 2) the regulation of the NMDA
current; and 3) the modulation of excitatory synaptic
transmission and long-term plasticity at the cortico-
striatal synapse.

A, , receptor and inhibitory synaptic transmis-
sion. Using patch-clamp whole-cell recording in
brain slices, it has been shown that an A,, agonist
can reduce GABA ,-mediated inhibitory postsynaptic
currents (IPSCs) evoked in medium-sized spiny neu-
rons by an intrastriatal stimulation.?® This effect was
counteracted by A,, antagonists and mimicked by
cyclic adenosine monophosphate (cAMP) analogs.
Moreover, because CGS21680 decreased the fre-
quency of miniature IPSCs without modification of
their amplitude, the effect was interpreted to be me-
diated at a presynaptic site® by either recurrent ter-
minals of these projection neurons (feedback circuit)
or terminals of GABAergic interneurons (feed-
forward circuit). However, these data are in opposi-
tion to the previous demonstration that stimulation
of the A,, receptor stimulates GABA release in the
striatum.® Conversely, the same patch-clamp ap-
proach revealed a stimulating effect of A,, agonists
on GABA ,-mediated IPSCs evoked in principal neu-
rons of the globus pallidus.+4? This effect also involved
the cAMP pathway and occurred presynaptically on
terminals of striatopallidal neurons. This latter effect
confirms the positive regulation of GABA release in the
globus pallidus by the A,, receptor in vitro and in
vivo.204345 Because it is difficult to assume that two
terminals of the same neuron are regulated in opposite
directions by an agonist acting at the same receptor,
the inhibitory effect observed in the striatum probably
occurs at terminals of GABAergic interneurons rather
than on the recurrent collaterals of spiny neurons.
Nevertheless, this latter hypothesis could not be defin-
itively ruled out if we assume that a disynaptic path-
way including recurrent collaterals and interneurons
could also be involved. Although further work is
needed to reconcile all data, they converge to the con-
cept that activation of A,, receptor in the striatum or
the globus pallidus increases the inhibitory action of
striatopallidal neurons on their targets.
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Figure 3. Long-term plasticity evoked by high-frequency stimulation of the corticoaccumbal synaptic pathway is regu-
lated by A, receptor. The level of long-term potentiation of the field excitatory postsynaptic potential (EPSP) slope was
decreased in slices from Ay, '~ mice compared with wild-type mice (left) and in ZM241385-treated wild-type slices com-
pared with wild-type slices recorded in control conditions (right). Reprinted from Neuroscience, vol 107, D’Alcantara et
al., pp 455-464, Copyright 2001, with permission from Elsevier Science.

A,, receptor and NMDA-AMPA glutamate
currents. A,, receptor activation reduced the am-
plitude of NMDA-mediated inward currents in a sub-
population of spiny neurons.*® This postsynaptic
effect is independent of the cAMP—protein kinase A
pathway but appears to involve a phospholipase
C-induced stimulation of the Ca®*/calmodulin ki-
nase II pathway.*” To our knowledge, stimulation of
this cascade by A,, receptors has not been reported
elsewhere;*® instead, NMDA currents are increased
on activation of the cAMP-protein kinase A path-
way.4 In the same paradigm, an A,, agonist did not
modify a-amino-3-hydroxy-5-methyl-4-isoxazole pro-
prionic acid (AMPA)-induced inward currents.*>

A,, receptor and excitatory synaptic transmis-
sion. A, receptor activation strongly depresses cor-
ticostriatal or corticoaccumbal transmission through
a presynaptic mechanism.?”3¢ In contrast, activation
of A,, receptors does not modify the excitatory
postsynaptic currents (EPSCs) or excitatory postsyn-
aptic potentials (EPSPs) recorded during basal con-
ditions by patch-clamp or extracellular field
recording 37385051 Note that in these conditions (in-
cluding Mg?* in the bath), the EPSP fully depends
on AMPA receptor activation. The lack of A,, effect
was demonstrated not only by using pharmacologic
tools on slices from wild-type animals?”3%5051 but also
by the observation that there was no difference be-
tween wild-type and A,,” mice in this condition.’
Because long-term interactions between A; and Ay,
receptors in controlling synaptic transmission have
been described in other systems, different protocols
were considered in which the drugs were applied at
different times. However, they all failed to show any
effect of A,, receptors on the basal synaptic trans-

mission.’! Recently, it was shown that A,, receptors
are able to modulate this basal excitatory synaptic
transmission only on slices recorded in the presence
of 4-aminopyridine (see Popoli et al., page S69). This
observation is consistent with in vivo microdialysis
studies suggesting that adenosine acting through the
A,, receptor stimulates glutamate release in the
striatum.5253

Because a specific transmitter pathway may regu-
late synaptic plasticity even if it does not appear to
control basal synaptic transmission, the role of Agy
receptors in long-term potentiation (LTP) of the
AMPA receptor-mediated EPSP was analyzed in the
accumbens nucleus.5! LTP could be elicited in wild-
type and A,,”" mice. However, LTP appeared to be
quantitatively modulated by the Ay, receptor path-
way because the level of potentiation was reduced in
A,,”" mice and in slices of wild-type mice in which
the A,, receptor pathway was blocked (figure 3).5'
The involvement of protein kinase A was supported
by a reduced level of potentiation in slices of wild-
type mice treated with an inhibitor of this enzyme.
Although this latter experiment is suggestive of a
postsynaptic site of action, the involvement of pre-
synaptic regulation of dopamine or glutamate re-
lease is not ruled out. Therefore, adenosine acting at
the A,, receptor is implicated in events directly or
indirectly related to LTP induction in the accum-
bens, whereas it is barely involved in the regulation
of basal AMPA receptor-mediated excitatory synap-
tic transmission. Because long-term synaptic plastic-
ity and particularly the equilibrium between long-
term depression (LTD) and LTP in the nucleus
accumbens are supposed to play important roles in
motor learning and reward processes, the regulation
of LTP induction by adenosine A,, receptor should
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have important and specific behavioral conse-
quences. Several observations in the literature sup-
port this hypothesis. First, adenosine acting at Ayy
receptors inhibits central reward processes, particu-
larly during the adaptation associated with chronic
cocaine-induced neuronal activation.’* In addition,
A,, receptors are required for the persistence of be-
havioral sensitization to repeated L-dopa therapy.®

Conclusions. Roles and mechanisms of action of
A, receptor in basal ganglia have been extensively
studied in the past decade through the analysis of
A, , receptor-mediated regulation of striatal gene ex-
pression, ion currents and synaptic transmission,
and plasticity using pharmacologic tools and knock-
out mice. These studies provide major clues for tar-
geting this receptor in PD therapy. The main locus of
the A, receptor-mediated action is the striatopalli-
dal neuron. The ability of the A,, receptor to regu-
late enkephalin and IEG expression in this neuron
and to modulate its inhibitory input and output con-
stitutes the basis for the efficacy of A,, antagonists
in models of PD.

However, inactivation of the A,, receptor gene in
mice leads to additional alterations in striatal and
extrastriatal gene expression and in locomotor activ-
ity that were unexpected based on the A,,/D, coex-
pression in striatopallidal neurons. These alterations
may be related to a functional hypodopaminergic
state; therefore, further work is needed to address
this question with regard to long-term treatment
with A,, antagonists.

A, receptors are also involved in the induction of
long-term synaptic plasticity in the accumbens.
Therefore, specific behavioral consequences of A,y
receptor blockade are expected because synaptic
plasticity in the nucleus accumbens is involved in
motor learning and reward processes. Although
these consequences remain to be identified, relation-
ships with the mechanisms of persistence of behav-
ioral sensitization to repeated r-dopa therapy or with
long-term side effects of L-dopa therapy, such as dys-
kinesia, could be suspected.
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II: A,, receptor modulation for
symptomatic therapy in
Parkinson’s disease

Adenosine A,, receptor modulation of motor systems in PD

David G. Standaert, MD, PhD

The modern era of treatment for Parkinson’s disease
(PD) began with the work of Cotzias et al.,! who
demonstrated that sustained improvement in the
symptoms of the disease could be obtained by long-
term therapy with L-dopa. Although r-dopa remains
the most effective agent available for the manage-
ment of PD, it was not long before the shortcomings
of this approach became apparent. The most common
problems are related to the development of “motor
complications:” wearing off and dyskinesias. These
are observed in at least 40% of patients with PD
after 4 to 6 years of treatment with r-dopa and in up
to 70% of patients after 10 years of treatment.? With
time, the magnitude of beneficial effect that can be
achieved with rL-dopa therapy decreases, and motor
complications become a major source of disability.?
The pathogenesis of motor complications is not
well understood,? but the existing evidence suggests
a complex interplay between the pharmacologic
agents administered and adaptive responses of neu-
ral circuits. Degeneration of dopaminergic neurons
seems to be important; persons who do not have PD
but receive L-dopa for other indications do not de-
velop motor complications. The intermittent stimula-
tion of dopaminergic receptors produced by oral
administration of medications is thought to be a key
factor.? Experiments in patients using controlled ad-
ministration of dopaminergic drugs support the view
that such intermittent stimulation results in persis-
tent changes in brain function.®® The downstream
mechanisms for these adaptive changes likely in-
clude modification of striatal NMDA glutamate re-
ceptors®!® and changes in dopaminergic signaling,
opioid neuropeptides, and other mechanisms.!
Clinicians have adopted a variety of strategies in
attempt to prevent or reduce the occurrence of motor
complications of L-dopa. Two recent large clinical tri-
als have suggested that initial therapy with the do-
pamine agonist drugs pramipexole or ropinirole,
which have longer plasma half-lives than r-dopa,
may be associated with reduced development of
wearing off and dyskinesias.'?'> However, the benefi-
cial effect of these drugs may be less than that of

L-dopa, and some have questioned whether the meth-
odologies of these studies are adequate to warrant a
change in clinical practice.’ Other approaches to the
management of motor complications have been the
use of inhibitors of catechol-O-methyl-transferase, an
important pathway for the catabolism of L-dopa,'s
and the use of amantadine, a drug with actions at
NMDA glutamate receptors and other properties.'®
Intractable motor complications are one of the main
indications for surgical intervention, using pal-
lidotomy'? or implanted deep brain stimulators.!® On
the whole, however, none of the currently available
approaches are satisfactory, and motor complications
remain a major problem for patients with PD.

It is hoped that drugs acting on the Ay, receptor
(A;4R) may fill this unmet need by either permitting
management of PD without inducing motor compli-
cations or attenuating motor complications once they
develop. In the following articles, Dr. Jenner dis-
cusses the role of A, Rs in the circuitry of the basal
ganglia and the efficacy of an A, R antagonist as
symptomatic therapy in rodent and primate models
of parkinsonism. Morelli et al. describe the ability of
an A,, antagonist to augment the effectiveness of
dopaminergic treatment in a rodent model without
induction of sensitization or the associated down-
stream alterations in neuropeptide expression. Mori
and Shindou provide evidence for a novel mechanism
of A,,R action in the basal ganglia through presyn-
aptic inhibition of GABAergic transmission. All of
these are important steps toward a better under-
standing of the role of A, Rs in the function of the
basal ganglia and the eventual clinical use of drugs
acting on A,,Rs in patients with PD.
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A, , antagonists as novel non-
dopaminergic therapy for motor
dysfunction in PD

Peter Jenner, DSc

Abstract—The future management of Parkinson’s disease (PD) requires pharmacologic agents that do not lose efficacy
with disease progression or induce dyskinesia and that are free of other dopaminergic side effects. A,, receptor antago-
nists may provide an opportunity to introduce nondopaminergic management of PD. A, receptors are selectively localized
in basal ganglia and to the indirect output pathway where they control GABA and acetylcholine release. The Ay,
antagonists are effective in rodent models of PD, reversing motor deficits in haloperidol-treated, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-treated, or reserpinized mice, and potentiating L-dopa—induced rotation in 6-hydroxy-
dopamine-lesioned rats without inducing dyskinesia. Importantly, the selective A,, antagonist KW6002 reverses motor
disability and increases locomotor activity in MPTP-treated primates without provoking dyskinesia established by previ-
ous exposure to L-dopa. In addition, KW6002 shows additive antiparkinsonian activity with L-dopa and the D, agonist
quinpirole in MPTP-treated primates without enhancing the intensity of dyskinesia. The data available suggest that A,
antagonists, such as KW6002, may be effective as monotherapy for the management of PD and that they will also produce

additional benefit when administered in combination with L-dopa or dopamine agoenist therapy.

NEUROLOGY 2003;61(Suppl 6):532-538

The current management of Parkinson’s disease
(PD) is based on dopaminergic therapy aimed at re-
versing the effects of striatal dopamine depletion in-
duced by the destruction of the nigrostriatal
pathway.* Symptomatic management of PD with
L-dopa and dopamine agonist drugs dominates ther-
apy and is highly effective in managing the early
stages of the disorder. However, the introduction of
dopaminergic drugs is associated with acute side ef-
fects, such as nausea, vomiting, and hypotension,
and with a series of long-term, treatment-related
complications that increase in severity with disease
progression. These include a loss of drug efficacy
(“wearing-off” and “on-off” phenomena), the onset of
dyskinesias, and the occurrence of psychosis. There
are also aspects of PD, such as postural instability,
that do not respond to dopamine replacement ther-
apy. In addition, all current therapies are symptom-
atic and do not significantly modify disease
progression. As a consequence, there is a therapeutic
need for novel pharmacologic approaches to the man-
agement of PD. New approaches should produce
agents that are antiparkinsonian throughout the
course of the disease without a loss of drug efficacy
and that do not prime the basal ganglia for the ap-
pearance of dyskinesia. They should not provoke the
expression of involuntary movements in those pa-
tients already exposed to L-dopa or induce psychosis.
There should be ameliorative effects on nonmotor
symptoms that do not respond to current therapy
without the occurrence of acute peripheral side ef-

fects. An additional advantage would be an effect in
slowing or stopping disease progression by producing
a neuroprotective or neurorestorative action.

A major asset in the search for novel therapeutic
strategies for the management of PD is the availability
of the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-treated primate model of the disorder. MPTP-
treated primates show a selective degeneration of ni-
gral dopaminergic cells leading to caudate-putamen
dopamine deficiency and the onset of most of the cardi-
nal symptoms of PD.%*5 Such animals exhibit akinesia
or bradykinesia, rigidity, and postural abnormalities,
although they seldom show the rest tremor character-
istic of PD and instead exhibit postural tremor. The
MPTP-treated primate is only a partial model of PD
because there is no loss of serotonin (5HT)-containing
neurons in the raphe nuclei or noradrenaline-
containing neurons in the locus ceruleus. Lewy body
pathology is not found in the substantia nigra, and the
loss of dopaminergic neurons is not progressive. How-
ever, the model has the advantage of being responsive
to all current therapies used to manage PD, and be-
cause of the marked degree of nigral denervation ex-
hibited by these animals, they rapidly develop
dyskinesia in response to repeated L-dopa treatment.®®
Once primed with r-dopa to exhibit involuntary move-
ments, MPTP-treated primates exhibit the same dyski-
nesias when subsequently acutely challenged with
i-dopa or dopamine agonist drugs that occur in pa-
tients with PD. MPTP-treated primates also exhibit
many of the other motor complications associated with
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PD, and repeated treatment can lead to the onset of
wearing-off, on-off, freezing episodes, and beginning-of-
dose and end-of-dose deterioration.”%!! However, the
greatest advantage of the MPTP model is that so far it
has been entirely predictive of drug action in humans.
In this respect, it is extremely useful in evaluating
potential new therapeutic strategies for PD before the
initiation of clinical trials.

One novel therapeutic approach to PD is to target
nondopaminergic systems within basal ganglia that
lie beyond the damaged nigrostriatal pathway.!2!3
This approach has been used to investigate the role
of novel neuronal targets within the striatum and
other regions of basal ganglia. A number of potential
therapeutic agents have been described, including
agents acting on glutamate, cannabinoid, opiate, and
a2-adrenergic receptors and nicotinic and muscarinic
receptors. These offer the potential for antiparkinso-
nian activity in the absence of some of the major side
effects of PD currently encountered during long-term
management of the illness. In particular, the identi-
fication of adenosine Ay, receptors in basal ganglia
as a potential means of modifying motor behavior
through a nondopaminergic mechanism may have
important therapeutic consequences for the future
management of PD.1418 :

A,, receptors and basal ganglia. The current
concept of basal ganglia dysfunction, the onset of
motor symptoms in PD, and the occurrence of L-
dopa-induced dyskinesia center on changes that oc-
cur in striatal output pathways.?® In particular,
attention has focused on the indirect striatal output
pathway from the striatum to the external segment
of the globus pallidus (GPe), which comprises me-
dium spiny GABAergic output neurons that bear D,
receptors on their cell bodies.2?® The projection to
GPe connects with another GABAergic pathway pro-
jecting to the subthalamic nucleus, which in turn
makes contact with glutamatergic neurons project-
ing to the internal globus pallidus (GPi) and hence to
the thalamus and motor cortex. The indirect striatal
output pathway appears overactive in PD as a result
of removal of inhibitory dopaminergic tone.?*?¢ In L-
dopa—-induced dyskinesia, one concept is that the in-
direct pathway becomes underactive, although the
experimental data available are equivocal.’®* How-
ever, pharmacologic manipulation of the indirect out-
put pathway may offer control of the major
symptoms of PD while alleviating a common motor
side effect, namely dyskinesia.

Three major classes of adenosine receptors exist:
A4, A, (including A, and Ayp), and A receptors.2526
The A,, subtype appears of potential significance to
the management of PD because A,, receptor mRNA
is enriched in the striatum compared with other
brain regions.2™3! A number of potent ligands inter-
acting with the A,, receptor have been identified,
including the xanthine derivatives KF17837 and
KW6002.323 These molecules have nanomolar affin-
ity for the rat striatal A,, receptor and are approxi-

mately 70-fold selective for this site over A,
receptors. Using a range of radioactive ligands selec-
tive for the A,, receptor, a high concentration of Ay,
receptor protein has been demonstrated within the
basal ganglia in vitro and in vivo.?¢3® A,, receptors
are found in high density in the striatum, although
they also occur in the nucleus accumbens and GPe.
Within the striatum, A,, receptors are localized to
the medium spiny GABAergic neurons of the indirect
output pathway, thereby labeling an important tar-
get in the pathophysiology of PD.3°

A,, receptors are not only localized to the cell
bodies of the indirect output pathway to GPe but also
are present on recurrent collaterals projecting back
to the striatum and are found on its terminals in
GPe.? In contrast, A,, receptors are not present on
the direct striatal GABAergic output pathway that
innervates GPi and the substantia nigra zona reticu-
lata (SNr).4 Biochemical and electrophysiologic
studies have shown that the A,, receptor suppresses
GABAergic transmission and release in the striatum
but enhances it in GPe.*# In the striatum, ultra-
structural localization studies suggest that A, re-
ceptors can modulate GABAergic transmission at
multiple cellular sites.* A,, receptors are also
present on cholinergic interneurons in the striatum,
at least as shown by the presence of mRNA using
reverse transcriptase (RT)-PCR, and they stimulate
the release of acetylcholine through protein kinase
A— and C-mediated mechanisms.?®454" An interac-
tion between Ay, and D, receptors exists with Ay,
receptors exerting an opposing effect on D, receptor-
mediated events that may be mediated through an
A,-Dy receptor dimerization®® (see also Fuxe, page
S19). The nature of this interaction is disputed with
views ranging from a dominant role of D, receptors
over Ay, function, to Ay, receptors acting at least
partially independently of D, receptors, to A,, recep-
tors controlling’ dopamine pathways.**52 There may
also be a complex interaction between A,, receptors
and glutamate transmission that may involve com-
mon signaling pathways.!55 Adenosine may play an
important role in modulating excitatory input to the
striatum.*

A,, adenosine antagonists, motor activity, and
striatal output pathways. Current dopaminergic
drugs used for the management of PD are effective in
rodent and primate models of the disorder. Similarly,
A,, antagonists exhibit the potential for the man-
agement of the motor symptoms of PD. For example,
A,, antagonists, including KW6002 and KF17837,
increase locomotor activity in MPTP-treated or re-
serpinized mice and reverse haloperidol-induced
catalepsy.5¢ Importantly, KW6002 and the selective
A, antagonist SCH 58261 potentiate rotational be-
havior produced by 1r-dopa or dopamine agonist
drugs in the unilateral 6-hydroxydopamine (6-
OHDA)-lesioned rat.5"® Tolerance to this effect was
not observed after repeated SCH 58261 treatment.
Although short-term treatment with KW6002 did not
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Figure 1. Effect of the A,, receptor antagonist KW6002 on locomotor activity in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-treated common marmosets. (A) Time course of the effect of KW6002 (10.0 mglkg, orally, 0.3%
Tween 80, 10% sucrose solution) on locomotor activity. Each point represents the mean locomotor count/l h (= SEM, n =
4). Open circles show the vehicle treatment group. Closed circles show the KW6002 treatment group. (B) Dose-resporse
effects of KW6002 (0.5 to 100 mglkg, orally) on locomotor activity. Each column represents the mean locomotor count/12 h
(+ SEM, n = 4). *p < 0.05 compared with control (vehicle treatment group). Reprinted from Adenosine Receptors and
Parkinson’s Disease, vol 1, Jenner et al., “Actions of Adenosine Antagonists,” pp. 211-227, Copyright 2000, with permis-

sion from Elsevier.

initiate rotational behavior when administered
alone, it does reduce motor disability with long-term
administration. Another A,, antagonist, CSC, was
shown to reverse but not prevent the decrease in
duration of rotational behavior observed with long-
term administration of L-dopa to 6-OHDA-lesioned
rats.8® A,, antagonists are also effective in rodent
models associated with L-dopa—induced dyskinesia.
In 6-OHDA-lesioned rats rendered dyskinetic by
previous treatment with L-dopa, KW6002 was able to
relieve motor disability without eliciting involuntary
movements.?! Although KW6002 produced an addi-
tive reduction in motor disability with 1-dopa, it did
not worsen dyskinesia. The behavioral sensitization
to L-dopa seen in 6-OHDA-lesioned wild-type mice
seems to depend on the presence of A,, receptors
because it does not occur in A,, knockout mice.®
Neurochemical studies also support actions of A,
antagonists such as KW6002 on basal ganglia func-
tion in rodents that are relevant to PD. For example,
KW6002 reverses the increase in GABA levels in the
GPe caused by 6-OHDA-induced denervation of the
striatum in the rat.t® In addition, KW6002 reverses
the 6-OHDA-lesion-induced increase in preproen-
kephalin A mRNA expression in the indirect output
pathway, although it did not do so when coadminis-
tered with L-dopa.156! Interestingly, 6-OHDA lesion-
ing decreases striatal adenosine levels and increases
A,, receptor mRNA expression.®® In A, receptor
knockout mice, L-dopa failed to reverse 6-OHDA-
induced reduction in striatal dynorphin levels seen
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in wild-type mice.s? This suggests that A,, receptors
play a role in controlling the effects of L-dopa on the
direct striatal output pathway, even though they are
not expressed on its cell bodies.

Evaluation in the MPTP-treated primate has pro-
vided the clearest indication of potential antiparkin-
sonian activity of A,, receptor antagonists in
humans. We have previously examined the antipar-
kinsonian activity of KW6002 in the MPTP-treated
common marmoset that is known to be responsive to
L-dopa and a range of dopamine agonist drugs.® In
these animals, KW6002 produced a dose-related in-
crease in motor activity after its oral administration
(figure 1). The drug was effective with a range of
doses, but no further increase in activity was ob-
served above the 10 mg/kg-dose level. The increase
in locomotor activity produced by KW6002 differed
from that produced by L-dopa or dopamine agonist
drugs. KW6002 produced an approximate doubling of
basal activity, whereas dopaminergic compounds
produced marked hyperactivity indicative more of
side effects than of therapeutic profile. The pattern
and components of movement were close to that seen
in normal marmosets and did not appear driven as
occurs with L-dopa and dopamine agonists. The effect
of KW6002 was of long duration (>10 hours), exceed-
ing that produced by L-dopa and most dopamine ago-
nist compounds. In addition, KW6002 markedly
reduced motor disability in MPTP-treated common
marmosets, although not to the same degree seen
with L-dopa (figure 2). The effect was again maximal
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Figure 2. Effect of KW6002 on motor disability in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated common
marmosets. (A) Time course of the effect of KW6002 (10.0 mg/kg, orally) on motor disability. Each point represents the
mean disability score/10 min (= SEM, n = 4). Open circles show the vehicle treatment group. Closed circles show the
KW6002 treatment group. (B) Dose-response effects of KW6002 (0.5 to 100 mglkg, orally) on motor disability. Each col-
umn represents the mean disability score/10 h (= SEM, n = 4). *p < 0.05 compared with control (vehicle treatment
group). Reprinted from Adenosine Receptors and Parkinson’s Disease, vol 1, Jenner et al., “Actions of Adenosine Antago-
nists,” pp. 211-227, Copyright 2000, with permission from Elsevier.

at 10 mg/kg, and when KW6002 was administered at
this dose for 28 days, there was no evidence of toler-
ance in either the increase in motor activity or the
reversal of disability (figure 3). Confirmation that
the effects of KW6002 are mediated through A,, re-
ceptors was shown by the ability of the adenosine
A, , agonist APEC to inhibit the improvement in mo-
tor function produced by KW6002 in MPTP-treated
primates while not itself affecting motor activity.50-6>
These data suggest that long-term administration of
KW6002 as monotherapy to patients with PD would
lead to sustained antiparkinsonian activity. In addi-
tion, KW6002 treatment was not associated with dopa-
minergic side effects, such as nausea and vomiting, and
no other adverse effects were observed.

So far the antiparkinsonian profile of KW6002 is
not qualitatively different from that of L-dopa or do-
pamine agonists in MPTP-treated monkeys and
would not represent a major therapeutic advance.
However, examination of KW6002 in MPTP-treated
primates that had been previously exposed to L-dopa
and routinely showed dyskinesia on short-term chal-
lenge with 1-dopa revealed a significant difference
from dopaminergic therapies (figure 4). Therefore,
the administration of KW6002 at a maximal antipar-
kinsonian dose did not provoke involuntary move-
ments in these animals on either short-term
challenge or repeated administration for 28 days.5064
Subsequent short-term challenge with r-dopa again
induced dyskinesia, showing that KW6002 does not
alter the priming for involuntary movements but

avoids their expression. This finding contrasts with
the effects of dopamine agonists, all of which induce
dyskinesia identical to that produced by 1-dopa in
this model. In normal monkeys exhibiting dyskinesia
as a result of long-term high-dose 1-dopa treatment,
the occurrence of involuntary movements was associ-
ated with an increase in striatal A,, receptor mRNA,
providing one explanation as to why A,, antagonists
might not provoke dyskinesia.

A, antagonists such as KW6002 can increase lo-
comotor activity, reverse motor disability, fail to pro-
voke established dyskinesia, and show no tolerance
on repeated administration. Such a profile fulfills
many of the criteria required of novel therapeutic
strategies for the management of PD.

When used as monotherapy, dopamine agonist
drugs are effective in reversing motor symptoms in
the early stages of the management of PD, but this
effect wanes with time, and r-dopa therapy is inevi-
tably introduced. Subsequently, the effect of 1-dopa
decreases after long-term treatment and with dis-
ease progression. Therefore, it is important to deter-
mine whether an adenosine A,, antagonist, such as
KW6002, provides additional benefit when used in
conjunction with dopaminergic agents. As a conse-
quence, we examined the effects of coadministration
of KW6002 with r-dopa and with the D, agonist drug
quinpirole in MPTP-treated primates.®” In initial ex-
periments, KW6002 was shown to acutely increase
locomotor activity and reverse motor disability as
previously demonstrated. However, when motor
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Figure 4. Effect of KW6002 administered daily for 21
days on dyskinesia in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-treated common marmosets
primed with L-dopa to exhibit dyskinesia. The animals
previously received 21 days of long-term L-dopa (10 mg/kg,
orally, in 10% sucrose twice daily) plus benserazide (2.5
mglkg, orally, twice daily) for induction of dyskinesia.
Each column represents the mean maximum dyskinesia
score for four animals. *p < 0.05 compared with control
(vehicle treatment group). ¥*p < 0.05 compared with L-do-
pa-treated group. Reprinted from Adenosine Receptors
and Parkinson’s Disease, vol 1, Jenner et al., “Actions of
Adenosine Antagonists,” pp. 211-227, Copyright 2000,
with permission from Elsevier.
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function was examined 24 or 48 hours after KW6002
administration, no residual drug effects were ob-
served. When KW6002 was combined with quinpi-
role, an additive antiparkinsonian effect was
observed immediately after drug administration.
However, when quinpirole was readministered 24 or
48 hours after KW6002, there was a potentiation of
the effect of quinpirole at a time when KW6002 alone
was ineffective. Similarly, when KW6002 was ad-
ministered in combination with 1-dopa, an additive
effect was observed immediately after drug treat-
ment. But again, when L-dopa was readministered
24 hours after KW6002 treatment, a similar en-
hancement of the motor effects of L-dopa was ob-
served, although this did not occur at the 48-hour
time point. When KW6002 was administered in com-
bination with L-dopa daily for 5 days to MPTP-
treated common marmosets previously exposed to
L-dopa and exhibiting dyskinesias, there was no en-
hancement of the dyskinetic response to L-dopa, and
there was even a suggestion of a decreased intensity
of involuntary movements.

The results obtained in the MPTP-treated com-
mon marmoset are not restricted to one primate spe-
cies. In other studies carried out in MPTP-treated
cynomolgus monkeys, KW6002 also produced an in-
crease in locomotor activity, which was additive with
the effects of L-dopa.®®®® In addition, the effect of
KW6002 on parkinsonian disability was not associ-
ated with the expression of involuntary movements
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in animals primed with L-dopa to establish dyskine-
sia. Similarly, administration of KW6002 was not
associated with an increase in the dyskinetic move-
ments produced by L-dopa.

This finding suggests that in patients with PD,
KW6002 will produce an additive antiparkinsonian
effect with L-dopa or dopamine agonist drugs without
the problem of enhancement of involuntary move-
ments. This profile is consistent with the goal of
improved pharmacologic control of PD.

Conclusions. The selective localization of Ay, re-
ceptors to the indirect striatal output pathway and
the manipulation of GABAergic function by A,, an-
tagonists such as KW6002 suggest a potential role in
the management of PD. The available data show
KW6002 to have properties consistent with use as
early monotherapy based on its ability to reverse
motor symptoms in MPTP-treated primates. In addi-
tion, KW6002 should be effective as adjunct therapy
to L-dopa in the middle-to-late stages of PD. The
actions of A,, antagonist on the symptoms of PD
should not be associated with the expression of dys-
kinesia when used as monotherapy or with any in-
crease in the intensity of involuntary movements
when used in conjunction with L-dopa or dopamine
agonist drugs. Other findings suggest that KW6002
may also prevent or delay the priming process that

-leads to the induction of involuntary movements in-

duced by long-term 1-dopa administration in other-
wise drug-naive MPTP-treated primates (see Chase,
page S107). Because KW6002 produces additive ef-
fects when administered with L-dopa, it should allow
a reduction in dosage of L-dopa and hence a reduc-
tion in dopaminergic side effects. Importantly, A,y
antagonists may also be effective in the management
of neuropsychiatric disease, particularly anxiety and
depression, because some A,, receptors are localized
to limbic areas and the hippocampus and amygda-
la.” KW6002 would then be effective against the mo-
tor symptoms of PD and the high incidence of
anxiety and depression associated with the disorder.
Finally, A,, antagonists may act as neuroprotective
agents because they are able to protect the nigrostri-
atal pathway against 6-OHDA and MPTP toxicity
and so may influence the progression of PD (see
Popoli et al., page S69).7+ To date, the clinical effi-
cacy of Ay, receptor antagonists in PD remains to be
proven, but early clinical evaluation of KW6002 has
shown it to be effective in the control of motor symp-
toms (see Chase et al., page S107; Kase et al., page
S97). Further clinical evaluation is now required to
establish the full potential of this class of agents as
one of the first nondopaminergic agents for the man-
agement of PD.
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Adenosine A,, and dopamine receptor
interactions in basal ganglia of dopamine
denervated rats

Anna R. Carta, PhD; Annalisa Pinna, PhD; Elisabetta Tronci, PhD; and Micaela Morelli, PhD

Abstract—In the unilateral 6-hydroxydopamine-lesioned rat model of Parkinson’s disease, blockade of A, receptors
facilitates L-dopa—induced turning behavior by antagonism of A,, transmission, which is increased after dopamine
depletion. After long-term intermittent administration of doses that produced the same effect on turning behavior, SCH
58261 (5 mg/kg) + L-dopa (3 mg/kg) induced a stable turning behavior, whereas L-dopa (6 mg/kg) alone induced a
sensitized turning behavior. Behavioral studies were correlated to changes in dynorphin and enkephalin mRNAs in the
striatum and in glutamic acid decarboxylase 67 (GAD67) mRNA in the striatum, globus pallidus, and substantia nigra.
The expression of dynorphin and, to a lesser extent, enkephalin mRNAs was increased in the lesioned striatum of rats
that received long-term 1-dopa treatment but not in rats that received long-term SCH 58261 + L-dopa treatment.
Similarly, GAD67 mRNA was increased in the striatum and globus pallidus by long-term L-dopa administration but not by
long-term SCH 58261 + L-dopa administration. GAD67 mRNA was strongly reduced in the lesioned substantia nigra after
long-term L-dopa treatment, whereas the reduction of GAD67 mRNA was less marked after SCH 58261 + L-dopa
treatment. By increasing L-dopa turning behavior, A,, receptor antagonism allows the utilization of doses of L-dopa that
do not produce sensitization of turning behavior, an effect correlated with the dyskinetic potential of dopamine agonist
drugs. Moreover, the combination of SCH 58261 + 1-dopa produces little or no change in the striatal, pallidal, and nigral

expression of markers correlated with dopamine agonist dyskinetic potential.

NEUROLOGY 2003;61(Suppl 6):539-543

Adenosine transmission, via A,, receptors, plays an
important role in the modulation of motor
behavior.!5 Several studies have reported a direct
antagonistic dopamine—adenosine interaction on
striatopallidal neurons, where A,, receptors are co-
expressed with dopamine D, receptors.5!! Moreover,
indirect interactions between A,, and D; receptors
have been shown to affect behavior and c-fos
induction.1?15

Studies in animal models of Parkinson’s disease
(PD) have shown that modulation of adenosine neu-
rotransmission may be of interest for the manage-
ment of PD. Early studies in the 6-hydroxydopamine
(6-OHDA)-lesioned rat model of PD showed that A,/
A,, antagonists, such as caffeine, induced contralat-
eral turning behavior when administered alone and
increased the turning behavior induced by dopamine
agonists.’617 Synthesis of potent and selective adeno-
sine A,, receptor antagonists offered the possibility to
test the usefulness of these drugs for the management
of PD. Selective compounds such as SCH 58261,
KF17837, and KW6002 decreased haloperidol-induced
catalepsy and reserpine-induced akinesia in intact ani-
mals and potentiated the anticataleptic effect of
L-dopa.’®22 A study by our group showed that blockade
of A,, receptors with SCH 58261 increased the con-
tralateral rotation and Fos-like immunoreactivity in-

duced in the striatum and globus pallidus (GP) by a
threshold dose of L-dopa.2*?* Similarly, SCH 58261 po-
tentiated turning behavior induced by D, and D, dopa-
mine agonists, suggesting that A,, receptors modulate
dopamine transmission mediated by D, and D, recep-
tors.1423 These data were confirmed by studies in
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
treated primates, showing that A,, antagonists coun-
teract the motor deficits induced by degeneration of
dopaminergic neurons.2>%

A recent study by our group reported that over-
activity of Ay, transmission after dopamine neuron
degeneration might contribute to the motor impair-
ments that characterize PD. This suggests that, by
eliminating A,, receptor-mediated negative tone,
A,, antagonists may be beneficial for the manage-
ment of PD.! Currently, A,, antagonists are among
the most promising compounds for the management
of PD.

Effect of long-term SCH 58261 treatment on
turning behavior. A major problem related to
L-dopa management of PD is the development of mo-
tor fluctuations and dyskinesias, which limit the
long-term use of this drug. We showed that in
6-OHDA-lesioned rats, administration of the Ay, re-
ceptor antagonist SCH 58261 for 1, 7, or 14 days
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induced a similar enhancement of L-dopa turning be-
havior, suggesting that tolerance did not develop
during this treatment period.?” Similarly, another
A, antagonist, KW6002, retained its activity during
a 21-day treatment period.?® A recent study con-
ducted in our laboratory in unilaterally 6-OHDA-
lesioned rats showed that treatment with L-dopa (6
mg/kg) or with SCH 58261 (5 mg/kg) plus a thresh-
old dose of r-dopa (3 mg/kg), although producing
similar contralateral turning after the first adminis-
tration, resulted in turning behaviors of different in-
tensity during long-term intermittent treatment.
Whereas L-dopa (6 mg/kg) alone induced a sensitized
turning behavior during the course of treatment,
SCH 58261 plus L-dopa (3 mg/kg) produced a stable
turning response.?” In previous studies, the sensi-
tized turning response induced by long-term L-dopa
administration was correlated with the dyskinetic
potential of this drug;? therefore, the lack of sensiti-
zation during treatment with SCH 58261 plus L-dopa
was indicative of a low dyskinetic potential.

These data are consistent with results obtained in
A,,”" mice, showing that the lack of A,, receptor
prevents L-dopa—induced behavioral sensitization in
6-OHDA-lesioned mice.?°

Effect of long-term SCH 58261 treatment on
striatal gene expression. Alterations in the ex-
pression of dynorphin, enkephalin, and glutamic acid
decarboxylase 67 (GAD67) mRNAs after dopamine
denervation have been suggested to reflect an imbal-
ance in the activity state of striatal output neurons,
which is believed to underlie motor impairment in
PD.?13 As for dopaminergic neuron degeneration, L-
dopa—induced dyskinesia in experimental models of
PD is associated with alterations in striatal mRNA
levels, including overexpression of dynorphin and
GAD67 mRNA on striatal output neurons.?+38

Based on these observations, we evaluated
whether the prediction of low dyskinetic potential for
SCH 58261 plus L-dopa correlated with long-term
changes in basal ganglia activity markers. For this
purpose, we compared the effect of long-term inter-
mittent administration of SCH 58261 (5 mg/kg) +
L-dopa (3 mg/kg) with 1-dopa (6 mg/kg) alone on the
striatal mRNA levels for dynorphin, enkephalin, and
GAD67.2* mRNA levels were evaluated by in situ
hybridization 3 days after discontinuation of treat-
ment. As reported by previous studies,®* GAD67
and enkephalin mRNA levels were significantly in-
creased, and dynorphin mRNA decreased, in the stri-
atum ipsilateral to the 6-OHDA lesion, suggesting an
imbalance in the activity of striatal efferent neurons
with the indirect striatopallidal pathway rendered
hyperactive over the direct striatonigral pathway in
accordance with the current model of PD.

GADG67, dynorphin, and enkephalin mRNA levels
were significantly increased in the lesioned striatum
by L-dopa (6 mg/kg) treatment as compared with the
vehicle. Moreover, an increase in enkephalin mRNA
level was observed in the intact striatum after long-
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Figure 1. In situ hybridization autoradiograms showing
mRNA expression for glutamic acid decarboxylase 67
(GADE67), dynorphin (dyn), and enkephalin (enk) in striata
from 6-hydroxydopamine (6-OHDA)-lesioned rats treated
long term (19 days, twice a day) with the vehicle, L-dopa
(6 mglkg), or SCH 58261 (5 mg/kg) + L-dopa (3 mg/kg).
Rats were killed 3 days after the last injection.

term L-dopa (6 mg/kg) treatment.® By contrast, long-
term treatment with SCH 58261 plus r-dopa (3 mg/kg)
did not modify GAD67, dynorphin, and enkephalin
mRNAs as compared with the vehicle (figures 1 and 2).

Therefore, long-term intermittent administration
of the A,, antagonist SCH 58261 plus L-dopa (3 mg/
kg) to 6-OHDA-lesioned rats produced long-term
changes in the striatum different from those pro-
duced by long-term intermittent L-dopa (6 mg/kg)
alone. Modifications in GAD67 and peptides mRNA
suggest that long-term r-dopa (6 mg/kg) treatment
induces adaptive changes in neuronal activity in
dynorphin-containing striatonigral neurons and
enkephalin-containing striatopallidal neurons. Adap-
tive changes in striatal efferent neurons are consid-
ered to play an important role in the genesis of
L-dopa—induced dyskinesia, and overactivity of stria-
tonigral neurons has been often correlated with dys-
kinetic movements.?#3¢ QOur data, by showing an
increased activity of striatonigral and striatopallidal
neurons, suggest that both neuronal populations
may participate in the onset of dyskinesia, although
the changes observed in the direct striatonigral path-
way are much larger than those observed in the indi-
rect striatopallidal pathway and are specifically
observed only in the lesioned striatum.

Long-term administration of SCH 58261 plus
L-dopa (3 mg/kg) did not produce modifications in
striatal GAD67, dynorphin, and enkephalin mRNAs.
Therefore, the absence of a sensitized turning behav-
ioral response during long-term intermittent treat-
ment with SCH 58261 plus L-dopa (3 mg/kg) appears
to correlate with the absence of long-term adaptive
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Figure 2. Effect of drug treatments on glutamic acid decarboxylase 67 (GADG67), dynorphin (dyn), and enkephalin (enk)
mRNA levels. Mean of gray values (mean = SEM) from the dorsolateral striatum of 6-hydroxydopamine (6-OHDA)-le-
sioned rats treated long term (19 days, twice a day) with vehicle, L-dopa (6 mglkg), or SCH 58261 (56 mglkg) + L-dopa (3
mglkg). *p < 0.05 vs 6-OHDA + vehicle; “ p < 0.05 vs L-dopa (6 mg/kg).

changes in striatal neurons, an effect that may be
related to the failure of this treatment to produce
dyskinetic effects.

Effect of long-term SCH 58261 treatment on
globus pallidus and substantia nigra gene ex-
pression. GP and substantia nigra reticulata
(SNr) play a crucial role in parkinsonian symptoms
and the dyskinetic responses observed after long-
term treatment with 1-dopa. Therefore, we investi-
gated changes in neuronal activity in these areas
after treatment with SCH 58261 and r-dopa using
the same experimental paradigm described previ-
ously. For this purpose, we evaluated changes at the
single-cell level for GAD67 mRNA as a marker of
neuronal activity.

In GP and SNr ipsilateral to the 6-OHDA lesion,
the number of GAD67 mRNA silver grains per cell

was significantly increased compared with the intact
gide (table).

Treatment with L-dopa (6 mg/kg) significantly en-
hanced GAD67 mRNA levels in the GP ipsilateral to
the lesion as compared with the vehicle (table). In
contrast, the lower dose of L-dopa (3 mg/kg), SCH
58261 (5 mg/kg), or SCH 58261 (5 mg/kg) plus low-
dose r-dopa (3 mg/kg) failed to modify GAD67 mRNA
in the GP as compared with 6-OHDA-lesioned rats
treated with the vehicle (table).

Long-term intermittent treatment with r-dopa (6
mg/kg) and, to a lesser extent, with SCH 58261 (5
mg/kg) plus 1-dopa (3 mg/kg) reduced the amount of
GAD67 mRNA labeling in the SNr ipsilateral to the
lesion as compared with the vehicle treatment (ta-
ble). Low-dose i-dopa (3 mg/kg) or SCH 58261 (5
mg/kg) alone did not produce any change in GADG7

Table Effect of drug treatment on GAD67 mRNA levels in the globus pallidus and substantia nigra and on turning behaviour after the
first and last drug administration. Drugs were chronically injected for 19 days, twice a day. In each area, silver grains above each cell
stained with thionin were counted and normalized to the total number of cells analyzed. Data from each group were averaged and
expressed as a percentage of the unlesioned + vehicle group. P < 0.01 vs. unlesioned + vehicle; °p < 0.01 vs. 6-OHDA + vehicle. °p <

0.05 vs. 6-OHDA + vehicle; “p < 0.05 vs. I°t administration day”.

Total turns

Experimental group n Globus pallidus, % Substantia nigra, % day 1 day 19
Unlesioned + vehicle 4 100.00 *+ 12.56 100.00 = 5.98 0x0 00"
6-OHDA + vehicle 4 128.02 + 5.6 11847 *+ 7.64* 00 0+0
6-OHDA + L-dopa (6 mg/kg) 4 147.10 + 5.3%¢ 90.63 + 1.65° 359 * 56 769 + 1234
6-OHDA + L-dopa (3 mg/kg) 4 130.58 + 9.43° 108.51 = 12.03 23x10 159 £ 79
6-OHDA + SCH 4 130.25 + 1.58* 107.46 + 1.58 00 00
6-OHDA + SCH + L-dopa 4 125.23 + 10.39 104.51 = 6.54° 366 + 64 492 + 83
(83 mg/kg)
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mRNA in the SNr as compared with unlesioned rats
and 6-OHDA-lesioned vehicle-treated rats.

The GAD67 isoform of the GABA-synthesizing en-
zyme is involved in general metabolic activity and is
considered an index of GABAergic neuron activity.*
The observed increase in GAD67 mRNA in the GP
and SNr after 6-OHDA lesion, in agreement with
previous reports,* suggests that changes in the
activity of afferent neurons to GP and SNr may take
place after dopamine denervation, such as an in-
creased excitatory input from the subthalamic
nucleus.*®

Neuronal activity in the GP, which is part of the
indirect pathway, was altered by long-term 1-dopa (6
mg/kg) treatment as shown by the increase in
GAD67 mRNA levels. Recent studies reported that
in parkinsonian patients, the electrical activity of the
external GP neurons was altered after L-dopa thera-
py.4647 A study by Boraud et al.*® reported that only
dyskinetic doses of L-dopa were able to alter the elec-
trical activity of pallidal neurons in MPTP-lesioned
primates. Overactivation of GABAergic GP neurons
may in turn inhibit the SNr, which may play a criti-
cal role in dyskinetic movements.

Nigral expression of GAD67 mRNA was strongly
inhibited by long-term r-dopa (6 mg/kg) administra-
tion, an effect consistent with the reported inhibition
of GABAergic efferents in primate models of L-dopa—
induced dyskinesia.**#® Together, these results sug-
gest that long-term L-dopa administration may
produce profound modifications in direct and indirect
striatal efferent pathways, resulting in an excessive
inhibition of the SNr, which would in turn correlate
with dyskinetic movements.

SCH 58261 plus L-dopa (3 mg/kg) did not affect
GAD67 mRNA in the GP and decreased GAD67
mRNA levels in the SNr to a lesser degree than
1-dopa alone (6 mg/kg). Therefore, our results sug-
gest that the degree of SNr inhibition could play an
important role in dyskinetic movements. This conclu-
sion is supported by studies reporting that an inhibi-
tion of the SNr is produced by L-dopa treatment
regardless of the presence of dyskinetic movements,
although the inhibition appears to be greatest in the
presence of dyskinetic movements.*-5

Together, these results suggest that whereas im-
provement of motor disabilities requires a decrease
in neuronal activity in the SNr, which is overactive
after dopamine denervation, dyskinetic movements
are correlated with changes at different levels of
basal ganglia circuitry, such as altered activity of
striatal and pallidal neurons, resulting in an exces-
sive inhibition of SNr efferent neurons.

A,, and dopamine receptors produce modifica-
tions at the level of transcription factors contained in
indirect and direct striatal efferent neurons, which
modulate long-term adaptive responses of these neu-
rons.'2152353 By potentiating the behavioral effects of
L-dopa, SCH 58261 allows the administration of
smaller doses of L-dopa, which do not produce those
adaptive changes in basal ganglia neurons that may
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cause dyskinesia. Dyskinesia and alterations in gene
expression are correlated with the dosage and ad-
ministration regimen of r-dopa.?*% Accordingly, in
the present study, low-dose L-dopa (3 mg/kg) alone
failed to induce significant changes in gene expres-
sion in any brain area.

Conclusions. The present study shows that long-
term intermittent treatment with rL-dopa (6 mg/kg)
results in profound alterations in neuronal activity
in different nuclei of the basal ganglia circuitry, in-
cluding striatum, GP, and SNr. SCH 58261 + L-dopa
(3 mg/kg) fails to alter the activity of striatal and
pallidal neurons, resulting in a more physiologic in-
hibition of SNr neurons, which would account for the
improvement in motor disabilities and the absence of
dyskinetic potential reported for A,, antagonists in
the models of PD.%5-%7
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Modulation of GABAergic transmission in
the striatopallidal system by adenosine
A, , receptors

A potential mechanism for the antiparkinsonian effects of
A,, antagonists

Akihisa Mori, PhD; and Tomomi Shindou, MSc

Abstract—The selective localization of adenosine A,, receptors to the striatopallidal system suggested a new therapeutic
approach to the management of Parkinson’s disease (PD). The results of behavioral studies using A,, receptor-specific
agents in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated monkeys highlight the therapeutic potential of
A,, antagonists as a novel treatment for PD. However, little is known about the role of A,, receptors in basal ganglia
function or their pathophysiologic role in PD. Recently, the authors found that presynaptic A,, receptors modulate
GABAergic synaptic transmission in the striatum and globus pallidus (GP), suggesting an A,, receptor-mediated dual
modulation of the striatopallidal system. Striatal A,, receptors may increase the excitability of medium spiny neurons
(MSNs) by modulating an intrastriatal GABAergic network. In addition, pallidal modulation occurs at striatopallidal MSN
terminals located at the GP, enhancing GABA release onto GP projection neurons and directly suppressing their activity.
Blockade of these modulatory functions by A,, antagonists could counteract excessive striatopallidal neuronal activity

provoked by striatal dopamine depletion in patients with PD, leading to a reversal of parkinsonian motor deficits.

NEUROLOGY 2003;61(Suppl 6):S44-S48

There is a growing body of evidence suggesting that
the Ay, receptor is a potential target for novel anti-
parkinsonian therapy.' A,, receptors are primarily
located within the caudate-putamen (striatum), nu-
cleus accumbens, and olfactory tubercle. This con-
centration within the basal ganglia suggests a
specific functional role for these receptors in neuro-
nal communication in these areas, in particular, a
role in motor behavior. Recent advances in neuro-
science together with development of Ay, receptor-
selective agents have contributed to increased
knowledge about adenosine and the A,, receptor.
Behavioral studies show that A,, antagonists allevi-
ate the motor dysfunction seen in several parkinso-
nian animal models (e.g., 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine [MPTP]-treated monkeys) but
also reveal distinctive features of Ay, antagonists.?3

The striatal GABAergic medium spiny neurons
(MSNs), which represent more than 90% of striatal
neurons, are the only projection neurons in the stri-
atum. The MSNs receive massive glutamatergic in-
puts from the cortex and thalamus and send indirect
(striatopallidal MSNs) and direct (striatonigral
MSNs) GABAergic projections to the major output
nuclei of the basal ganglia: the globus pallidus (GP)
and the substantia nigra pars reticulata.*® They also
receive intrastriatal GABAergic and cholinergic in-

puts and nigrostriatal dopaminergic modulatory in-
puts. Importantly, A,, receptors are highly
expressed in striatopallidal MSNs but not in stria-
tonigral MSNs.”

The striatopallidal indirect pathway is of particu-
lar interest in Parkinson’s disease (PD) because it
becomes overactive in this disease state. The neuro-
nal basis of parkinsonism is thought to be, at least in
part, a consequence of an imbalance between the two
major output pathways, with the striatonigral neu-
rons being relatively underactive in patients with
PD.? The specific localization of A,, receptors to the
striatopallidal system suggests that these receptors
contribute to the generation of parkinsonian symp-
toms and offers a novel target for PD therapy. How-
ever, little is known regarding the physiologic and
pathophysiologic function of Ay, receptors in this
system.

To study how A,, receptors work in the basal
ganglia, we used a patch-clamp method in slice prep-
arations to investigate GABAergic synaptic trans-
mission at the single-neuron level. The method
enables us to identify the neuronal targets of the Agy
receptor-related agents more precisely. These studies
revealed dual modulation of GABAergic synaptic
transmission in the striatopallidal system by presyn-
aptic A,, receptors.
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Figure 1. Effects of A, receptor activation on evoked
GABAergic inhibitory postsynaptic currents (IPSCs) onto
medium spiny neurons (MSNs) (A) and globus pallidus
(GP) neurons (B). The A,, agonist CGS 21680 (1 pmol/L)
suppressed evoked IPSCs onto MSNs (A, left) and enhanced
evoked IPSCs onto GP neurons (B, left). The A,, antagonist
KF17837 (1 and 0.5 umol/L) blocked CGS 21680-induced
phenomena in MSNs (A) and GP neurons (B). (A) is repro-
duced from Mori et al.® and reprinted with permission from
Elsevier and (B) is reproduced with permission from Shin-
dou et al.®

Suppression of intrastriatal GABAergic trans-
mission by striatal adenosine A,, receptors. To
study GABAergic transmission onto MSNs, we adapted
the high-resolution whole-cell patch-clamp recording
technique to rat striatal slice preparations, directly vi-
sualizing these cells.® The evoked GABA, receptor-
mediated inhibitory postsynaptic currents (IPSCs)
were elicited by focal stimulation under conditions in
which excitatory inputs were blocked so that the effects
of selective adenosine agents on GABA-mediated inhi-
bition could be observed without complications caused
by excitatory transmission. At 1 pmol/L, the Ay,
receptor-selective agonist CGS 21680 significantly re-
duced the average amplitude of evoked IPSCs. The
suppression of IPSCs by CGS 21680 was concentration
dependent and saturated at 1 pmol/L. The A,,
receptor-selective antagonist KF17837 at 1 pmol/L
completely blocked the inhibitory effect of 1 pmol/L
CGS 21680 (figure 1A). In contrast, two distinct A,
receptor-selective antagonists, DPCPX and KF15372,
failed to block the CGS 21680-induced suppression of
IPSCs. CGS 21680 also suppressed evoked GABA,
receptor-mediated inhibitory postsynaptic potentials
(IPSPs). These results demonstrate the existence of
A, receptor-mediated modulation of striatal GABAer-
gic synaptic transmission onto MSNs.

Analysis of spontaneous miniature synaptic
events revealed that the Ay, receptor-mediated sup-
pression of GABAergic transmission onto MSNs oc-
curs presynaptically. In the presence of tetrodotoxin
to block the propagation of action potentials to the
terminals, spontaneous GABA release from presyn-

aptic terminals can be detected as spontaneous min-
iature IPSCs (mIPSCs). The frequency of mIPSCs
correlates with the number of GABA quanta released
from presynaptic terminals, whereas mIPSC ampli-
tude correlates with the activity of postsynaptic
GABA channels. CGS 21680 decreased the mean
mIPSC frequency without changing the mean
mIPSC amplitude or the amplitude distributions.
These results indicate that CGS 21680 reduced the
quantal release of GABA from presynaptic termi-
nals, thus demonstrating that presynaptic, but not
postsynaptic, A,, receptors suppress GABAergic
synaptic transmission onto MSNs. The electrophysi-
ologic findings are consistent with neurochemical re-
sults using striatal synaptosome preparations!®!!
and are reproduced in studies by Chergui et al.'?

Activation of pallidal adenosine A,, receptors
enhances GABAergic synaptic transmission
onto GP GABAergic projection neurons. In
contrast to the striatum, pallidal A,, receptor activa-
tion was found to enhance GABAergic IPSCs onto
GP neurons.’® The enhancement by CGS 21680 (fig-
ure 1B) was dose dependent within the range of 0.3
to 3.0 umol/L. and was completely blocked by A,y
receptor-selective antagonists KF17837 (see figure
1B) and ZM241385. To investigate whether the A,
receptor-mediated modulation is presynaptic or
postsynaptic, paired-pulse facilitation (PPF)* and
mIPSC analysis were used in GP neurons. The en-
hancement of evoked IPSCs by CGS 21680 was ac-
companied by a reduction in the PPF ratio and an
increase in mIPSC frequency without affecting
mIPSC mean amplitude and amplitude distribution.
These observations indicate that pallidal A,y
receptor-mediated enhancement of GABAergic syn-
aptic transmission is attributable to an increased
probability of presynaptic GABA release and not to
increased postsynaptic GABA, receptor activity.

GP projection neurons have been electrophysi-
ologically’s*® and immunohistochemically!”®® identi-
fied as GABAergic neurons. The GP neurons give
rise to widespread intranuclear axon collaterals and
also receive massive GABAergic inputs from the stri-
atum.1®20 Therefore, the recorded IPSCs in the study
were attributable to activation of GABAergic inputs
from the striatum or from local axon collaterals of
GP neurons. Interestingly, recent immunohisto-
chemical studies indicated that A,, receptors them-
selves exist in the GP,?! whereas Ay, receptor mRNA
is present in striatopallidal MSNs but has not been
detected in the GP.222* Thus, IPSCs affected by palli-
dal A,, receptor activation might be occurring at
GABAergic synapses on axon terminals of striatopal-
lidal MSNs (i.e., output of indirect pathway), al-
though further investigation is necessary to
demonstrate this definitively.

Striatal and pallidal modulation of GABAergic
transmission by A,, receptors: differences and
functional implications. Striatal modulation:
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A,, receptor-mediated modulation of excitability of
MSNs via intrastriatal GABAergic network. In the
striatum, GABAergic inputs are the major regulators
of MSN excitability.?> Two possible GABAergic in-
puts to striatal MSNs are from axon collaterals of
the MSNs themselves and from GABAergic interneu-
rons. MSN excitability may be controlled by feedback
inhibition from the axon terminals of MSN recurrent
collaterals (figure 2A) or by feed-forward inhibition
from GABAergic interneurons (figure 2B).252" Recur-
rent axon collaterals of MSNs could produce mutual
inhibition among spiny projection cells, creating a
feedback inhibition circuit within the striatum.
MSNs containing substance P and enkephalin are
distributed uniformly within the striatum, but MSNs
with the same projection sites may be aggregated
into small clusters of cells.?83 The dendrites and
axons of individual MSNs are restricted to the re-
spective compartment in which they are located, so
that they only receive afferents from cells of the
same type.?! A,, receptor mRNA is highly expressed
in striatopallidal MSNs,”?? and high levels of Agy
receptors on the terminals of striatal axon collaterals
have been detected immunohistochemically.?:32
Therefore, A,, receptor-mediated modulation at
axon terminals of recurrent collaterals of striatopal-
lidal MSNs may relieve feedback inhibition and in-
crease the excitability of these projection neurons.
GABAergic interneurons, although comprising
less than 10% of total striatal neurons, have been
reported to play a major role in regulating the firing
activity of spiny projection cells. The main source of
intrastriatal GABA, response is most likely from
GABAergic interneurons rather than from MSN col-
laterals because of the strong burst response in
GABAergic interneurons after cortical stimulation.®
Inputs from GABAergic interneurons onto MSNs
should provide a feed-forward inhibition mechanism.
If the A,, receptor is expressed on GABAergic inter-

$46 NEUROLOGY 61(Suppl 6) December 2003

Recurrent axon
§ coliaterals of MSN

Figure 2. Schematic diagram of the
corticostriatal and striatopallidal path-
ways, representing the Ay, receptor-
mediated dual modulation of
GABAergic synaptic transmission in the
striatopallidal system. Adenosine via

R GPneuron  presynaptic Ay, receptors suppresses
A GABA release from intrastriatal

¢ GABAergic inputs to medium spiny
neurons (MSNs) and enhances GABA
release from striatopallidal MSNs to
globus pallidus (GP) neurons. GABAer-
gic inputs to MSNs are divided into two
types: (A) from recurrent axon collater-
als, and (B) from GABAergic interneu-
rons. ENK = enkephalin; STN =
subthalamic nucleus.

GABAergic

neurons, they could relay A,, receptor-mediated
modulation of MSNs. So far, A,, receptor mRNA has
not been detected in striatal GABAergic interneu-
rons;”?2 however, this issue merits further
investigation.

Together, activation of Ay, receptors on intrastri-
atal GABAergic terminals could relieve either or
both feedback and feed-forward inhibition mecha-
nisms, resulting in an increase in striatopallidal
MSN activity. It remains to be identified which
GABAergic synapses onto MSNs subserve striatal
A,, receptor-mediated modulation.

Based on the current—voltage relationship of an
MSN, Kita% proposed a model of the electrophysi-
ologic role of GABAergic inputs to MSNs seen as a
large sigmoidal curve (figure 3). The response medi-
ated via GABA, receptor—chloride channel com-
plexes has the reversal potential of chloride near the
spike threshold potentials and thus acts mainly to
shunt the glutamatergic inputs. Therefore, GABA in-
put plays a significant role in determining the level
of the depolarizing stage of MSN, as illustrated by a
downward shift of the current-voltage curve (see fig-
ure 3, “with GABA, inputs”). Striatal A,, receptor-
mediated relief of either or both feedback and feed-
forward inhibition mechanisms could weaken the
GABAergic shunting effect on glutamatergic inputs
to MSNs, thereby modulating their membranes to
shift to depolarizing stage (i.e., A,, receptor-
mediated disinhibition in figure 3). The Ay, receptor-
mediated suppression rate in striatal IPSPs,
approximately 20 to 30% at most,® could be enough
to depolarize an MSN. MSNs do not frequently fire
but are active in maintaining subthreshold excita-
tory potentials. Thus, these cells are not quiet but
are busy in determining whether to fire at depolariz-
ing episodes,® and the Ay, receptor-mediated disin-
hibitory modulation may directly cause an increase
in activity of the striatopallidal indirect pathway.
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sentation of the relationship between
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(AMPA) /kainate response; in the case of
suprathreshold stimulation, the NMDA
response becomes significant. The
GABA , response via chloride channels
has a reversal potential near the spike
threshold potentials and acts mainly to
shunt the glutamatergic inputs. Striatal
A, receptor-mediated modulation at-
tenuates this shunting effect by sup-
pressing GABA inputs onto medium

spiny neurons (MSNs) (i.e., Ay, receptor-mediated disinhibition) as illustrated by an upward shift of the current-voltage
curve. From Kita,’ modified with permission. (Copyright 1996 by the Society for Neuroscience).

The intrastriatal GABAergic network plays impor-
tant roles in the temporal and spatial filtering of
various and massive inputs from other striatal inter-
neurons, the cortex, and other parts of the brain.?:3
Modulation via Ay, receptors may play a critical role
in tuning MSN excitability and, as a consequence, in
regulating information processing through the
striatum.

Pallidal modulation: A,, receptor-mediated en-
hancement of activity of GABAergic nerve endings in
the GP. A,, receptor-mediated modulation in the
GP serves to directly enhance GABA release from
nerve terminals located within the GP. Analysis of
mIPSCs has demonstrated that the modulation oc-
curs at synaptic terminals, independent of the prop-
agation of action potentials triggered by excitation of
cell bodies to the terminals. mIPSC analysis using
agents that regulate the cyclic adenosine monophos-
phate (cAMP)-dependent pathway revealed that se-
quential activation of the cAMP-dependent cascade
is involved in pallidal A,, receptor-mediated GABA
release. This mechanism is calcium independent and
is triggered by activation of A,, receptors located at
axon terminals.? The results have provided evidence
of A,, receptor-mediated isolated modulation system
at GABAergic nerve endings located at the GP. Pal-
lidal A,, receptor-mediated enhancement of GABA
release may directly suppress the excitability of GP
projection neurons, resulting in increased neuronal
activity in the subthalamic nucleus (STN).

Neurochemical evidence supporting dual A,y
receptor-mediated modulations in the striato-
pallidal system: pallidal GABA levels in vi-
vo. In vivo rat microdialysis studies performed by
Ochi et al. have verified the existence of A,y
receptor-mediated dual modulation in the striatopal-
lidal system.?” The studies demonstrated that intra-
striatal injection and intrapallidal infusion of the
A,, agonist CGS 21680 induced a significant in-
crease in pallidal GABA levels in normal rats. These

results suggest that pallidal GABA release is regu-
lated via A,, receptors located in the striatum and
GP. The effect of striatal A,, receptor activation on
pallidal GABA levels was blocked by tetrodotoxin
locally infused into the GP, whereas the effect of
local activation of pallidal A,, receptors on pallidal
GABA release was not. This result indicates that
striatal A, receptor modulation targets neurons in
the striatum projecting to the GP, whereas pallidal
A, 4 receptor modulation acts directly on nerve termi-
nals in the GP.

Implications for the use of A,, receptor antag-
onists as a novel therapy for PD. Current mod-
els of the pathophysiology of PD emphasize an
increase in the overall activity in the striatopallidal
indirect pathway.® Therefore, A, -mediated dual
modulation could contribute to the generation of the
parkinsonian state. Neurochemical studies using mi-
crodialysis have verified that the dual modulation by
A,, receptors occurs in vivo. 6-Hydroxydopamine (6-
OHDA)-lesioned rats exhibited significantly in-
creased basal GABA levels in the GP.?” These results
are consistent with the pathophysiologic hypothesis
that excessive activation of the indirect pathway oc-
curs in the parkinsonian state.® Excessive levels of
pallidal GABA in 6-OHDA-lesioned rats were re-
duced by systemic oral administration of a novel Ay,
receptor-selective antagonist, KW—6002, at 3 mg/kg,
the pharmacologically effective dose of KW-6002 in
rodent models.?®4® This indicates that A,, receptor
blockade reverses the increase in pallidal GABA lev-
els in 6-OHDA-lesioned rats and suggests that the
A, -mediated modulation is involved in enhancing
the excitability of the striatopallidal indirect path-
way in vivo. KW—-6002 exhibits antiparkinsonian ef-
fects in MPTP-treated monkeys*4 and in patients
with PD,% with a therapeutic profile distinct from
those of current dopaminomimetic therapies (see
also Kase et al., page S97; Chase et al., page S107).
In conclusion, A,, antagonists target the dual
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modulation of GABAergic synaptic transmission by
A,, receptors in the striatopallidal system to coun-
teract abnormal activity in the indirect pathway in
patients with PD. Several important issues require
further investigation: 1) pathophysiologic changes in
the adenosinergic system (e.g., altered extracellular
adenosine concentration) in those with PD; 2) the
contribution of A,, receptors localized to other sub-
cellular sites, in particular postsynaptic dendritic re-
ceptors;'! and 3) involvement of striatal A,, receptor-
mediated modulation of the GABAergic network may
also provide important insights into information pro-
cessing in the basal ganglia.
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III. A,, receptors in neuroprotection of
dopaminergic neurons

Felicita Pedata, PhD; Anna Maria Pugliese, PhD; Alessia Melani, PhD; and Marco Gianfriddo, BSc

An important observation that emerged from the
symposium “A,, Receptors in Neuroprotection of Do-
paminergic Neurons” is that Ay, adenosine antago-
nists may behave like therapeutic drugs in
Parkinson’s disease (PD) through more than one
mechanism. Schwarzschild et al.! pointed out that an
important emerging issue is the possibility that Ay,
antagonists, besides being useful in the care of pa-
tients with PD for acutely controlling symptoms,
may also be beneficial in controlling the progression
of neuronal degeneration. Although the etiology of
PD is still unknown, new advances in molecular neu-
roscience recently led to the idea that neuronal de-
generation may be stopped and that specific
neuroprotective strategies are possible. One of these
strategies could be a reduction in neurotoxicity in
the substantia nigra or even in the striatum. Popoli
et al.?2 reported that the A,,-selective antagonist
SCH 58261, systemically administered before the ad-
ministration of the excitotoxin quinolinic acid (QA),
prevents the effects of QA on motor activity, EEG
changes, lesion size, striatal gliosis, and glutamate
outflow. Therefore, the protective effects may be re-
lated to the capability of the A,, antagonist to antag-
onize the striatal increase in glutamate induced by
QA. In this regard, it is important to identify the
dose-related effects of Ay, antagonism on the efflux
of glutamate. SCH 58261 administered at intraperi-
toneal doses >0.01 mg/kg does not influence QA-
stimulated glutamate release. A reduction in
glutamate outflow is likely protective in neurodegen-
eration processes as in those induced by in vivo ische-
mia: SCH 58261 administered soon after ischemia at
the same intraperitoneal dose as that used by Popoli
et al.® reduces striatal glutamate outflow and ne-
crotic damage.* A reduction in glutamate outflow af-
ter A,, antagonist administration is likely
attributable to antagonism of presynaptic striatal
A,, receptors. A strong suggestion of the presence of
A,, receptors on the corticostriatal glutamatergic
terminal arose in the studies of Rosin et al.® pre-
sented at this meeting. However, in animal models of
PD, with the aim of controlling motor disabilities,
SCH 58261 is used at higher doses (1 to 5 mg/kg,
intraperitoneally) than those that are protective
against striatal glutamate outflow. Therefore, the
question arises whether regulation of glutamate out-
flow contributes to the therapeutic potential of A,y

antagonists once neuronal degeneration linked to PD
has progressed. In the CNS, A,, receptors are
mainly localized on the cell bodies of striatal GABA-
enkephalin neurons. Antagonism of these receptors
may account for regulation of glutamate outflow in
different corticobasal ganglia structures. Likely, a
reduction in glutamate outflow in the substantia
nigra may account for protection against the progres-
sive dopaminergic degeneration.® However, it should
be considered that reduction in glutamate outflow
does not necessarily imply neuroprotection.” An in-
crease in striatal glutamate outflow was observed in
the 6-hydroxydopamine (6-OHDA) model of PD by
intrastriatal administration of SCH 58261, and it
may be considered favorable in acutely controlling
motor disabilities of PD in relation to disturbed stri-
atal excitatory transmission.! The possibility that
distinct mechanisms account for neuroprotection and
motor-stimulating properties was stressed in the
presentation of Schwarzschild et al.!

Alberto Ascherio® reported on stimulating epide-
miologic studies that demonstrate a reduced risk of
PD among caffeine consumers. This result is re-
stricted to the male population. Interestingly, recent
data® report that caffeine intake is associated with a
reduced risk of PD in women who never used re-
placement hormones but with an increased risk in
female hormone users and heavy coffee consumers.
Schwarzschild et al.! discussed the possibility that
the reduced risk of PD among caffeine consumers is
the result of a neuroprotective effect of caffeine, as
supported by the finding that caffeine, at doses com-
parable with those of typical human exposure, atten-
uates the loss of striatal dopamine induced in the
experimental 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) model of PD. Whereas the neuro-
protective effect of caffeine appears related to the
block of A,, receptors,® Castagnoli et al.!* reported
the capability of (E)-8-styrylxanthinyl-derived Ags-
selective antagonists, CSC and KW6002, to protect
against MPTP-induced neurotoxicity by an Ag,
receptor-independent effect. CSC in particular signif-
icantly inhibits monoamine oxidase (MAO) B activity
in vitro, blocking the conversion of MPTP to the ac-
tive toxic metabolite 1-methyl-4-phenylpyridinium
(MPP™); this pharmacologic effect was equally potent
on MAO B isolated from A,, receptor knockout and
wild-type mice.’2 These data again indicate that mul-
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tiple mechanisms may account for the therapeutic
potential of Ay, antagonists in PD, some related to
antagonism of A,, receptors and some to Ay,
receptor-independent inhibition of the production of
toxic metabolites that may be involved in nigrostria-
tal dopaminergic neuron degeneration. Schwarzs-
child et al.! underlined that the data obtained with
A,, antagonists to date are sufficiently compelling to
warrant reconsideration of the clinical trial design of
these drugs in PD. One issue that should be explored
in future studies is whether such mechanisms are
neuroprotectively relevant once the disease has pro-
gressed and drug therapy is underway.
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Caffeinated clues from epidemiology of
Parkinson’s disease

Alberto Ascherio, MD, DrPH; and Honglei Chen, MD, PhD

Although there is a growing interest in the genetic
determinants of Parkinson’s disease (PD), the low
concordance for clinical disease among monozygotic
twins clearly indicates the etiologic importance of
nongenetic factors.! On top of the list of potential
candidates is cigarette smoking. For many years, re-
searchers have been intrigued by the strong inverse
association between cigarette smoking and risk of
PD, but despite extensive investigation it remains
unclear whether nicotine or some other component of
cigarette smoke reduces the risk of PD or whether
people predisposed to PD have an early aversion to
smoking.2 More recently, coffee and caffeine con-
sumption have emerged as powerful predictors of
risk of PD. Here we will review the epidemiologic
evidence supporting this association and discuss the
contribution of epidemiologic studies in clarifying the
potential biologic mechanisms.

Early case-control studies of coffee and PD.
Whereas the inverse association between cigarette
smoking and risk of PD has been known for decades,
relatively few early studies examined the potential
role of coffee or caffeine consumption. Questions on
coffee and tea consumption and risk of PD were in-
cluded in some of the case-control studies on smok-
ing34 or environmental factors® and risk of PD, but
published results were not adjusted for smoking and
thus were difficult to interpret. The first smoking-
adjusted analysis of coffee consumption and PD was
reported by Jimenez-Jimenez et al.,® who studied 128
patients with PD (60 women) attending a movement
disorder clinic in Madrid and 256 control subjects
attending the emergency room of the same hospital
for non-neurologic disorders. The data supported a
30% lower risk of PD among coffee drinkers (coffee
drinking was reported as yes/no only) as compared
with nondrinkers in men and women, but the results
were not significant and received little attention.
More detailed analyses of coffee consumption and
risk of PD were later conducted in case-control stud-
ies in Germany’ and Sweden.® Hellenbrand et al.®
compared the dietary habits of 342 patients with PD
(118 women) recruited from nine German clinics
with those of 342 control subjects from the same
neighborhood or region. Only patients diagnosed in
1987 or later and aged 65 years or younger were
included. The odds ratio (OR) comparing partici-

pants in the highest with those in the lowest quartile
of coffee intake was 0.27 (95% CI, 0.14 to 0.52),
whereas no inverse association was found with tea.
The authors also reported a strong inverse associa-
tion between niacin intake and risk of PD and sug-
gested that the observed association between coffee
consumption and risk of PD could be the result of its
high niacin content. Niacin is required for the syn-
thesis of the cofactor nicotinamide adenine dinucle-
otide (NADH) and for the function of glutathione
reductase, and the authors speculated that a defec-
tive or suboptimal functioning of this and other en-
zymes requiring NADH might be relevant to the
development of PD. However, a significant inverse
association between coffee intake and risk of PD per-
sisted after adjusting for niacin in addition to smok-
ing and caloric intake;? further, an inverse
association between niacin and risk of PD has not
been confirmed in prospective studies (see below). In
a separate investigation including 113 patients with
PD and 263 control subjects, Fall et al.? reported a
highly significant inverse association between risk of
PD and coffee and tea consumption. The multivari-
ate OR comparing drinkers of five or more cups of
coffee per day with nondrinkers was 0.14 (95% CI,
0.03 to 0.60). Although there are exceptions,'© overall
the results of case-control investigations favored the
existence of an inverse association between coffee or
caffeine intake and risk of PD.%

The weaknesses of case-control studies for the in-
vestigation of the dietary etiology of chronic diseases
are well known'? and include the difficulty of recruit-
ing an appropriate control group, the generally inac-
curate assessment of diet during the relevant period
that for PD would be several years before the diagno-
sis, and selective differences in recall of dietary hab-
its between patients and control subjects. Therefore,
although the results of case-control studies suggest a
potential protective effect of caffeine, recall or selec-
tion bias cannot be confidently excluded.

Prospective studies of coffee, caffeine, and PD
in men. These problems have been overcome in
prospective investigations that took advantage of the
follow-up evaluation of large cohorts of persons for
many years after they reported their coffee and caf-
feine consumption. One of these studies, conducted
in Honolulu, comprised more than 8,000 Japanese-
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American men who completed a 24-hour diet recall
at enrollment (1965 to 1968) and a food frequency
questionnaire 6 years later and who were followed
for up to 30 years.’® In this cohort, the age- and
smoking-adjusted risk of PD was five times higher
among men who reported no coffee consumption at
baseline compared with men who reported a daily
consumption of 28 ounces of coffee or more. This
association was also present among men who never
smoked; therefore, it cannot be the result of residual
confounding by cigarette smoking. Further, men
with higher caffeine consumption at baseline still
had a lower risk of PD during the second half of the
follow-up period (i.e., more than 15 years later). This
last result argues against the possibility that the
lower caffeine consumption among men who devel-
oped PD resulted from early, unrecognized symp-
toms of the disease. Analyses adjusted for niacin,
alcohol, and other nutrients suggested that caffeine
was responsible for this association. However, the
size of the study was insufficient to examine the
association between caffeine from sources other than
coffee and risk of PD among non-coffee drinkers, and
no information was collected on consumption of de-
caffeinated coffee. Therefore, the possibility that
compounds other than caffeine contributed to the ob-
served inverse association could not be excluded.

Further, it was important to determine whether
this association was also present in men of different
ancestry and in women.

Consequently, we have addressed the association
between caffeine consumption and risk of PD in two
large cohorts: the Health Professionals Follow-up
Study (HPFS) and the Nurses’ Health Study (NHS)
cohorts. These studies included data on caffeinated
and decaffeinated coffee and multiple assessments of
caffeine consumption during the follow-up period.
The HPFS was established in 1986, when 51,529
male health professionals (dentists, optometrists,
pharmacists, podiatrists, and veterinarians), aged 40
to 75 years, responded to a mailed questionnaire
that included a comprehensive diet survey and ques-
tions on disease history and lifestyle. The NHS co-
hort was established in 1976 when 121,700 women
who were registered nurses, aged 30 to 55 years,
residing in 11 large states provided detailed informa-
tion about their medical history and lifestyle prac-
tices.’® Follow-up questionnaires are mailed to
participants of both studies every 2 years to update
information on potential risk factors for chronic dis-
eases and to ascertain whether major medical events
have occurred. The caffeine analyses were based on
157 new cases of physician-diagnosed PD during 10
years of follow-up evaluation in men and on 131 new
cases during 16 years of follow-up evaluation in
women; a neurologist (85%) or review of the medical
records (5%) confirmed most diagnoses, whereas an
internist or general physician confirmed the remain-
ing 10%. Intriguingly, we found an inverse associa-
tion between caffeine intake and risk of PD in men
but not in women. Men consuming caffeine from ei-
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ther coffee or noncoffee sources had a lower risk of
PD than noncaffeine consumers. Interestingly, a 50%
reduction in risk of PD was already observed among
men consuming an amount of caffeine corresponding
to one cup of coffee per day as compared with men
consuming no caffeine. A similar result was found in
the Honolulu cohort. Further, in the HPFS cohort,
consumption of tea and other caffeinated beverages
among men who were not regular coffee drinkers
(consumption <1 cup/d) was also inversely associ-
ated with risk of PD, whereas no association was
found with consumption of decaffeinated coffee.
Among women, neither coffee nor caffeine from any
source was significantly associated with risk of PD.
The finding that the risk of PD among men con-
suming caffeine is consistently lower than that of
men not consuming caffeine in two large indepen-
dent cohorts with several years of follow-up evalua-
tion can only be explained if either caffeine
consumption reduces the risk of PD or if some com-
mon genetic or environmental factor predisposes to
caffeine avoidance and PD.!¢ The latter alternative is
consistent with the proposed existence of a premor-
bid parkinsonian personality characterized by re-
duced novelty seeking,” or of an underlying
preclinical olfactory deficit that prevents the reward-
ing effects related to smell of coffee or tobacco.!® This
is the same question raised by the results on ciga-
rette smoking, and unfortunately it is difficult to
reach a conclusive answer. However, a few further
clues can be inferred from epidemiologic studies. At
least for cigarette smoking, the underlying common
predisposing factor is unlikely to be genetic because
an inverse association between cigarette smoking
and PD risk has also been observed within monozy-
gotic twin pairs.?® Further, again for smoking, this
predisposing factor must already be present during
adolescence because we found in the HPFS cohort
that smoking at age 19 years is associated with a
significantly lower risk of PD after age 50 years (un-
published data). Similar evidence for caffeine is not
available, although the observation that caffeine in-
take at the beginning of the study predicted risk of
PD between 15 and 30 years later in the Honolulu
cohort suggests that any common predisposing factor
must precede the diagnosis of PD by at least 15
years.’® To further assess the temporal relationship
between caffeine consumption and PD, we have plot-
ted the relative consumption of caffeine among men
with PD in the HPFS before and after the diagnosis
(figure). An adjusted caffeine intake of 0 mg/d repre-
sents an average consumption equal to that of men
without PD at the same age and time; error bars
indicate the 95% CI. If the lower caffeine intake
among men with PD resulted from a progressive as-
pect of the disease, such as the degeneration of nigro-
striatal dopaminergic neurons, then we would expect
a decrease over time in relative caffeine intake. In
contrast, the figure shows that the adjusted caffeine
consumption is relatively stable, indicating that the
effect of a hypothetical common predisposing factor
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Figure. Age-adjusted difference in caffeine intake between
men with Parkinson’s disease (PD) and those without PD
according to time from diagnosis. Using data from the
Health Professionals Follow-up Study, the relative con-
sumption of caffeine among men with PD was plotted
against time before and after diagnosis. An adjusted caf-
feine intake of 0 mg/d represents a consumption equal to
the average for men without PD at the same age and time;
error bars indicate the 95% CL.

would have already been completely expressed at
least 8 years before the diagnosis of PD.

Studies of coffee, caffeine, and PD in women.
A further clue to the mechanisms underlying the
lower risk of PD among caffeine drinkers as com-
pared with nondrinkers may come from studies in
women. The fact that we found no association be-
tween coffee or caffeine intake and risk of PD in our
large prospective study of women, despite use of re-
peated and validated measures of consumption dur-
ing a 16-year follow-up period,* is unlikely to be the
result of chance. Further, a similar gender difference
in the relation of caffeine with PD has also been
found in a case-control study that relied on prospec-
tively collected information on coffee consumption.!®
These findings suggest that caffeine may have differ-
ent effects in men and women, perhaps because of
hormonal differences. Caffeine is largely metabolized
by the CYP1A2 isoenzyme of the P450 family,2°
which also metabolizes estrogen;?! by competing for
the same enzyme, exogenous estrogen in oral contra-
ceptives? or postmenopausal hormones?' inhibits
caffeine metabolism. To address this possibility, we
have examined the interaction between use of post-
menopausal hormones, caffeine consumption, and
risk of PD among participants in the NHS. Overall,
use of postmenopausal hormones was not associated
with risk of PD. However, we found that among hor-
mone users, women consuming six or more cups of
coffee per day had a fourfold higher risk of PD (rela-
tive risk [RR], 8.92; 95% CI, 1.49 to 10.34; p = 0.006)
than women who never drink coffee; in contrast,
among women who never used postmenopausal hor-
mones, coffee drinkers had a lower risk of PD than
nondrinkers.?? If caffeine avoidance and increased

risk of PD were caused by a premorbid personality or
an olfactory deficit occurring more than 15 years be-
fore the diagnosis of PD, it would remain unclear
how use of postmenopausal hormones would modify
this association. Thus, albeit indirectly, this interac-
tion supports a biologic effect of caffeine on risk of
PD. Independent confirmation in epidemiologic stud-
ies and animal experiments exploring the mechanis-
tic basis of this finding will be important.
Meanwhile, this possible interaction should be con-
sidered in the planning and interpretation of trials of
estrogen supplementation or caffeine use in women
with PD, particularly because our results suggest
that estrogen supplementation could be harmful
among women consuming high amounts of caffeine.

The fact that two of the most common addicting
behaviors are inversely associated with risk of PD
(results on alcohol are less clear than those on ciga-
rette smoking or caffeine and have not been dis-
cussed here) has often been interpreted as
supporting an underlying predisposing cause related
to resistance to addiction as the most parsimonious
explanation. Nevertheless, the strength and consis-
tency of these associations, the lack of a convincing
and specific alternative hypothesis, and the evidence
of an interaction between caffeine and postmeno-
pausal hormones suggest that nicotine and caffeine
could reduce the risk of PD.
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Neuroprotection by caffeine and more
specific A,, receptor antagonists in
animal models of Parkinson’s disease

Michael A. Schwarzschild, MD, PhD; Kui Xu, MD, PhD; Emin Oztas, MD; Jacobus P. Petzer, PhD;
Kay Castagnoli; Neal Castagnoli, Jr., PhD; and Jiang-Fan Chen, MD, PhD

Abstract—A remarkable convergence of epidemiologic and laboratory data has raised the possibility that caffeine reduces
the risk of developing Parkinson’s disease (PD) by preventing the degeneration of nigrostriatal dopaminergic neurons. The
authors review the evidence that caffeine and more specific antagonists of the adenosine A, receptor protect dopaminer-
gic neurons in several toxin models of PD. Other studies demonstrating protection by A,, receptor inactivation in animal
models of stroke, Huntington’s disease, and Alzheimer’s disease suggest a more global role of A,, receptors in neuronal
injury and degeneration. Although the cellular and molecular mechanisms by which A,, receptors contribute to neuronal
death are not yet established, several intriguing possibilities have emerged. Now with preliminary clinical data substan-
tiating the antiparkinsonian symptomatic benefit of A,, receptor blockade, the prospects for a complementary neuropro-

tective benefit have enhanced the therapeutic potential of A,, antagonists in PD.

NEUROLOGY 2003;61(Suppl 6):S55-561

Recent epidemiologic studies have established an as-
sociation between the common consumption of coffee
or other caffeinated beverages and a reduced risk of
developing Parkinson’s disease (PD) later in life.? De-
spite their strength, these epidemiologic investiga-
tions are wunable to conclusively answer the
fundamental question: Does caffeine help prevent PD,
or does PD or its causes help prevent the habitual use
of caffeine? Although this question of causality is
difficult to address in humans, animal models can
offer useful clues. Here we review the evidence that
caffeine and more specific antagonists of the A,, sub-
type of adenosine receptor are capable of protecting
dopaminergic and other neurons from degeneration
and death.

Neuroprotection by caffeine in a PD model.
Using the well-established 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) model of PD, we
have investigated the effect of caffeine on the demise
of nigrostriatal dopaminergic neurons.®* Mice ex-
posed to the dopamine neuron-specific toxin MPTP
develop biochemical and anatomic lesions of the do-
paminergic nigrostriatal system that parallel charac-
teristic features of PD.¢ Caffeine, when administered
to mice at doses (5 to 30 mg/kg) comparable with
those of typical human exposure, dose dependently
reverses the loss of striatal dopamine triggered by
MPTP.2 Caffeine similarly attenuated the toxin-
induced loss of dihydroxyphenylacetic acid (DOPAC),

dopamine’s major CNS metabolite, suggesting that
caffeine is not simply altering dopamine metabolism
in the remaining nigrostriatal nerve terminals. In
addition to these biochemical markers of dopaminer-
gic nigrostriatal function, the density of dopamine
transporter (DAT) binding sites was measured as an
anatomic marker of nigrostriatal innervation. Again
MPTP toxicity was decreased in the presence of caf-
feine, which significantly attenuated the MPTP-
induced loss of striatal DAT (3H-mazindol) binding
sites. Caffeine’s protective influence on the dopami-
nergic innervation of the striatum can be directly
attributed to its ability to prevent the death of dopa-
minergic neurons originating in the substantia
nigra. Stereologic analysis of nigral dopaminergic
(tyrosine hydroxylase-immunoreactive) neurons
showed their MPTP-induced loss could be prevented
by caffeine pretreatment.* The protective effect of
caffeine was observed with different MPTP exposure
paradigms (single and multiple doses) and in differ-
ent mouse strains (C57Bl/6 and 129-Steel).?
Caffeine (1,3,7-trimethylxanthine) is metabolized
by demethylation, initially to the dimethylxanthines
theophylline, theobromine, and paraxanthine (1,3-,
3,7- and 1,7- dimethylxanthine, respectively), with
the latter predominating as the major dimethyl me-
tabolite of caffeine in humans.” Preliminary studies
in mice demonstrate that theophylline and paraxan-
thine, which like caffeine are nonspecific adenosine
receptor antagonists at low micromolar concentra-
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tions,® can also attenuate MPTP toxicity.® In hu-
mans, the serum half-life of caffeine (which is
typically ingested once to several times per day) is
approximately 4 hours.* Moreover, >80% of caf-
feine is metabolized to paraxanthine.” Therefore, the
finding of a protective effect of paraxanthine and
caffeine in mice suggests that precise temporal pair-
ing between caffeine and putative dopaminergic neu-
rotoxin exposures in humans would not be critical for
caffeine to reduce the risk of developing PD (f caf-
feine were protective in humans).

Although the typical human pattern of frequent
caffeine exposure indirectly supports the plausibility
of neuroprotection against PD, it also raises the pos-
sibility that tolerance would develop to this protec-
tive action of caffeine. Tolerance is a characteristic
feature of caffeine’s psychomotor stimulant effect,
i.e., it decreases after repeated exposure.'*'? To in-
vestigate the possibility that the neuroprotective ef-
fect of caffeine is also affected by previous exposure,
we assessed the motor stimulant and neuroprotec-
tive effects of caffeine in mice treated daily with
caffeine or saline for more than 1 week.®> Repeated
daily caffeine administration, under conditions that
produced substantial locomotor tolerance, did not at-
tenuate the protective effect of caffeine on MPTP-
induced dopaminergic toxicity. Together, these
protective effects of caffeine and its metabolites
support a causal basis for the inverse relationship
between caffeine consumption and the risk of subse-
quently developing PD.

Neuroprotection by specific A,4, antagonists in
PD models. The protective effect of caffeine in a
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Figure 1. Brain expression patterns for
subtypes of receptors for two neuro-
transmitters known to modulate dopa-
minergic neuron function. Composite
distributions of specific radioligand
binding to subtypes of adenosine and
glutamate are shown in coronal sections
from the rostral, mid, and caudal rat
brain (containing striatum, hippocam-
pus, and pons, respectively). Increasing
density of radioligand binding to the
receptors indicated is color-coded over a
spectrum from white to blue to yellow to
red. Most receptors that modulate dopa-
minergic transmission in the striatum
are widely distributed throughout the
brain, whereas the Ay, subtype of aden-
osine receptor is largely restricted in its
expression to the striatum and the un-
derlying olfactory tubercle. (Adapted,
with permission, from Tohyama M and
Takatsuji K. Atlas of Neuroactive Sub-
stances and Their Receptors in the Rat.
Oxford: Oxford University Press, 1998.)
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mouse model of PD provides a compelling clue to the
pathophysiology and the epidemiology of PD. Insight
into how caffeine protects dopaminergic neurons
may also lead to improved PD therapeutics aimed at
slowing the underlying neurodegenerative process. A
first step in pursuing this “caffeinated” clue has been
the consideration of which of caffeine’s known molec-
ular targets may mediate its protective effect. Phar-
macologic studies indicate that the CNS effects of
caffeine are mediated primarily by its antagonistic
actions at the A; and A,, subtypes of adenosine re-
ceptor.® A,, adenosine receptors may be particularly
relevant because their expression in the brain is
largely restricted to the striatum (figure 1), the ma-
jor target of the dopaminergic neurons that degener-
ate in patients with PD. Furthermore, their blockade
or inactivation has been known to protect against
excitotoxic and ischemic neuronal injury (see below).

Accordingly, we tested relatively specific A;, and A,
receptor antagonists for their ability to mimic caffeine’s
attenuation of MPTP toxicity. MPTP-induced nigrostri-
atal lesions were attenuated by pretreatment with
all A,, antagonists tested, including xanthine-based
compounds 8-(3-chlorostyryl)caffeine (CSC)* and
3,7-dimethyl-1-propargylxanthine (DMPX),>? KW6002
((E)-1,3-diethyl-8-(3,4-dimethoxystyryl)-7-methyl-
3,7-dihydro-1H-purine-2,6-dione),>* and those with
nonxanthine structures—SCH 58261 (7-(2-phenylethyl)-
5-amino-2-(2-furyl)-pyrazolo-[4,3-e]-1,2,4-triazolo
[1,5-c]pyrimidine)> and ZM241385 (4-(2-[7-amino-
2-[2-furyl][1,2,4]triazolo[2,3-a] [1,3,5,]triazin-5-yl
aminolethyl)phenol) (unpublished observations). The
specificity of CSC with respect to its neuroprotective
effect in the MPTP model has recently been called
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into question with our serendipitous finding that it
possesses dual independent actions of high-potency
inhibition of monoamine oxidase (MAO) B and an-
tagonism of the Ay, receptor.’#'® Although none of
the other aforementioned xanthine- or nonxanthine-
based A,, antagonists possess comparable (if any)
MAO B activity, the unexpected incomplete specific-
ity of CSC even at low (nanomolar) concentrations
highlights the pitfalls of adenosine pharmacology.

To circumvent such pharmacologic limitations and
definitively address the question of whether Ay, re-
ceptor blockade mimics the neuroprotective effect of
caffeine, mice lacking functional A,, receptors be-
cause of A,, receptor gene disruption (A,, knockout
mice)!”8 were assessed for their susceptibility to
MPTP toxicity. MPTP-induced losses of striatal do-
pamine and DAT were significantly attenuated in
A,, knockout mice compared with their wild-type
littermates.2 These complimentary genetic and phar-
macologic approaches clearly demonstrate that Ay, re-
ceptor inactivation, like caffeine, reduces MPTP
toxicity. By contrast, multiple concentrations of the A,
receptor antagonist 8-cyclopentyl-1,3-dipropylxanthine
(CPX) showed no evidence of neuroprotection against
the dopaminergic toxicity induced by multiple con-
centrations of MPTP.2 Recently, the neuroprotective
effect of A,, receptor blockade against dopaminergic
neuron injury has been extended to another species
and model of PD. The A,, antagonist KW6002 was
found to prevent nigral dopaminergic neuron loss
induced by 6-hydroxydopamine (6-OHDA) in rats?®
and by MPTP toxicity in mice. Together, these data
suggest that caffeine can protect against dopaminer-
gic neuron injury and death through its antagonistic
action at the adenosine A,, receptor.

A broader neuroprotective role for A,, antago-
nists. These findings implicate endogenous adeno-
sine acting on the A,, receptor in the pathophysiology
of nigrostriatal neuron lesions. However, this role for
the A,, receptor clearly extends beyond its targeting
of central dopaminergic pathways to other popula-
tions of CNS neurons. For example, recent studies
have demonstrated that the Ay, receptor contributes
to the death of striatal medium spiny neurons in
rodent models of Huntington’s disease (HD). At low
doses, the A,, antagonist SCH 58261 attenuates
striatal lesions induced by local infusion of the exci-
totoxin quinolinate.’ Moreover, findings in Ay, re-
ceptor knockout mice show that loss of striatal
neurons induced by systemically administered
3-nitroproprionic acid (a complex II inhibitor and rel-
atively specific striatal neuron toxin) is markedly
reduced in the absence of the A,, receptor or in the
presence of the A,, antagonist CSC.2° Of note, it is
the subset of GABAergic striatal output neurons ex-
pressing high levels of Ay, receptor (i.e., those that
project to the lateral globus pallidus) that degener-
ates earliest in patients with HD,?' and whose ab-
sence may account for the involuntary choreic
movements characteristic of this disorder.

In addition to the protection against striatal and
nigral neuron loss offered by A,, antagonists, their
ability to protect neuronal populations outside the
basal ganglia is well documented. For example, local
injection of an A,, antagonist can prevent the excito-
toxic death of neurons in hippocampal cortex pro-
duced by the ionotropic glutamate receptor agonists
kainate and quinolinate.???® Wider cortical damage
in a variety of ischemic stroke models can also be
attenuated by A,, receptor blockers administered at
the time of cerebral blood flow disruption.?*?? Simi-
larly, transient focal ischemia produces substantially
less brain damage in the cortex and striatum of
adult A,, receptor knockout mice compared with
their wild-type littermates.!® Interestingly, a finding
that focal ischemic brain injury in rats is dramati-
cally attenuated by treatment with low doses of caf-
feine together with ethanol?®?® has led to a
therapeutic trial of this adenosine antagonist-CNS
depressant combination in humans with acute
stroke.?0 A potential neuroprotective effect of caffeine
and more specific A,, antagonists has also been sug-
gested for Alzheimer’s disease (AD) based in part on
the finding that these drugs can attenuate p-amyloid
neurotoxicity in vitro.®

However, it should be noted that A,, antagonists
are not universally protective. Qutside the CNS, the
A, receptor may generally serve to attenuate ische-
mic and inflammatory tissue damage,?>* such that
A,, agonists (rather than antagonists) have also
emerged as promising therapeutic candidates. For
example, A,, agonists can attenuate ischemic car-
diac and renal damage, effects that are reversed by
A, receptor blockade.?*% Even within the CNS, un-
der some circumstances, Ay, receptor stimulation
can confer neuroprotection. Administration of an Ay,
agonist at the time of spinal cord ischemia and
reperfusion significantly reduces resultant neuronal
damage.?” The basis for protective vs pathologic ef-
fects of A,, receptor activation likely relates to the
variety of cellular and molecular couplings of the Ay,
receptor. Therefore, the safe and effective develop-
ment of A,, receptor agents will rely on efforts to
clarify the mechanisms of their actions.

Mechanisms of protection by A,, antagonist in
PD models. How the A,, receptor or its blockade
influences the death of dopaminergic neurons re-
mains uncertain (table 1 and figure 2). An intuitive
explanation that the high levels of striatal A,, recep-
tors® (see figure 1) directly trigger the demise of the
dopaminergic neurons innervating the striatum be-
lies the cellular anatomy of the A, receptor within
the basal ganglia. The vast majority of these recep-
tors are expressed on GABAergic striatopallidal out-
put neurons,? which are postsynaptic to the
dopaminergic neurons that degenerate in PD. By
contrast, there is little evidence for appreciable ex-
pression of Ay, receptors on the dopaminergic nigro-
striatal neurons themselves.**2 Therefore, A,
receptors on nondopaminergic neurons (or even on
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Table How A,, antagonists may protect in PD models

Mechanism ' Pros

Cons

1. Global | glutamate release
(| direct excitotoxicity)
populations

2. Local | GABA release
(| indirect excitotoxicity from
GPe—STN—SNc)

3. Glial cell modulation
(e.g., 1 glutamate buffering)
activities

4. Direct DA neuron protection

5. Altered toxin metabolism

*A,aRs generally 1 glutamate release

*Explains protection of multiple neuronal

*Dense striatopallidal A;,Rs
*A,,Rs 1 GPe GABA release sites
*STN—SNe¢ excitotoxicity data

*A,A agonists | glut uptake in cultured
CNS glia; modulate NOS and other

*Possible vesicular mechanism

*Relies on presumed low level of
A,,Rs on excitatory neurons (or astrocytes)

*Does not explain protection at other CNS

*Relies on presumed low level of A, Rs on
glial cells
*Based only on in vitro studies

*?A,,Rs on DA neuron

*A,, antagonists not protective in cell cultures

*MPTP metabolites and MAO B unaffected by
A,, antagonists

See text for details and figure 2 for schematic representation of mechanisms 1 to 4 and abbreviations.

non-neuronal cells) may indirectly influence the via-
bility of the dopaminergic nigral neurons.

How may the blockade of postsynaptic Ay, recep-
tor on GABAergic striatopallidal neurons improve
the survival of presynaptic dopaminergic neurons?
The shortest path back to the nigrostriatal dopami-

nergic neurons may be taken by the retrograde
trans-synaptic elaboration of a protective factor.*®
Although specific neurotrophic factors in striatal
neurons have been hypothesized to maintain the in-
tegrity of innervating dopaminergic neurons,* there
is no evidence that striatal Ay, receptor stimulation

Figure 2. Sites of adenosine A,, recep-
tors whose blockade by caffeine could
protect dopaminergic nigrostriatal neu-
rons. As detailed in the text and indi-
cated in this simplified schematic, Ay,
receptors on the nerve terminals of exci-
tatory glutamatergic (Glu) neurons (1)

represent a widely distributed mecha-
nism for enhanced excitotoxicity (light-
ning symbol) that may converge on
dopaminergic (DA) nigrostriatal neu-
rons. Blockade of A, , receptor-
facilitated glutamate release may
account for reduced excitotoxic injury to
cortical and striatal neurons (not
shown) and nigral neurons. Ay, recep-
tors are densely expressed on GABAer-
gic striatopallidal neurons (2) where
their facilitative effect on GABA release
in the external globus pallidus (GPe)
could indirectly lead to excitotoxic stim-

ulation of dopaminergic nigral neurons
via disinhibition of the glutamatergic
projection from subthalamic nucleus
(STN) to the substantia nigra pars com-
pacta (SNc). Glial cells (e.g., astrocytes)
can also express A,, receptors (3) and

actively regulate the environment of neurons throughout the CNS. Blockade of these receptors by caffeine may protect
neighboring dopaminergic neurons, possibly by activating (disinhibiting) the glial glutamate transporter leading to lower
extracellular levels of excitatory amino acids. The unsubstantiated possibility of low levels of A,, receptors on dopaminer-
gic nigrostriatal neurons (4) would allow for a direct protective effect of caffeine on dopaminergic neurons. Question
marks (?) reflect the uncertainty over the presence of Ay, receptors on certain neuronal or glial cells in vivo. Ctx and Str

refer to cortex and striatum, respectively.
$58 NEUROLOGY 61(Suppl 6) December 2003




inhibits this hypothetical retrograde neurotrophic in-
fluence (or conversely that A,, antagonists enhance
it).

Perhaps more realistic, even if more circuitous, is
the possibility that striatal A,, receptor blockade
leads to improved dopaminergic neuron survival
through a polysynaptic feedback loop involving the
A, , receptor-laden striatopallidal neurons (see figure
2, site 2). A, receptor stimulation of GABAergic
striatopallidal neurons increases extracellular GABA
in the globus pallidus.** The increased pallidal level
of inhibitory transmitter in turn may reduce the ac-
tivity of the GABAergic projection from the globus
pallidus to the subthalamic nucleus (STN), leading
to disinhibition of its glutamatergic projections.
One of these activated STN outputs projects to the
substantia nigra pars compacta, where its enhanced
release of glutamate may exert an excitotoxic effect
on the dopaminergic nigrostriatal neurons.*™*® In-
creased excitatory tone applied to the dopaminergic
nigral neurons in combination with their metabolic
deficits induced in the MPTP model (and possibly in
PD) could contribute to the cumulative injury of do-
paminergic neurons.* Experimental blockade or re-
versal of STN excitatory activity has been shown to
attenuate the death of dopaminergic nigral neurons
induced by 6-OHDA 5051 Therefore, striatal A,, re-
ceptor stimulation could exacerbate an STN-
mediated excitotoxic component of dopaminergic
nigral neuron degeneration, and conversely A,, an-
tagonists may modify the circuit to slow the degener-
ative process.

Although this circuitry model of dopaminergic
neuron protection by A,, antagonists incorporates a
critical role for the prominent striatal A,, receptor
(see figure 1), it does not easily explain their protec-
tive effects on nondopaminergic neurons residing at
other CNS locations. Because evidence for a broader
neuroprotective effect now extends from the hip-
pocampal to frontal cortex and from nigra to stria-
tum, alternative hypotheses that involve Ay,
receptor modulation of a generalized CNS process
have become more compelling. One such mechanism
is the well-established facilitation of glutamate re-
lease by A,, receptor stimulation (see figure 2, site
1),52 which has been consistently observed in the cor-
tex, basal ganglia, and brainstem.>*5% This phenome-
non likely involves A,, receptors located on
glutamatergic nerve terminals because it can be ob-
served in cortical synaptosomes,’ in which an indi-
rect effect of striatal A,, receptors is less plausible,
and in intact brain. Recent ultrastructural analysis
of A, receptor distribution has strengthened the ev-
idence for its presynaptic location on glutamatergic
nerve terminals.’” Whereas A,, agonists generally
enhance release or overflow of glutamate, Ay, antag-
onists have been found to attenuate glutamate re-
lease or overflow triggered by depolarization,
ischemia, or the glutamate receptor agonist quinoli-
nate in an excitotoxin model of HD.19586! Therefore,
A,, antagonist attenuation of local excitatory amino

acid release throughout the CNS may alleviate an
excitotoxic component common to most models of
neurotoxicity and neurodegeneration. Whether A,,
antagonists attenuate MPTP-induced elevations in
striatal or nigral neurotransmitters remains to be
seen.

Recently, adenosinergic modulation of glial cell
function has emerged as another widely distributed
CNS mechanism by which A,, antagonists may
lessen neuronal cell death (see figure 2, site 3). Stim-
ulation of Ay, receptors present on cultured astro-
cytic glial cells from the cortex or brainstem was
found to enhance glutamate efflux, whereas Ay,
blockade reduced levels of extracellular gluta-
mate.6263 Genetic and pharmacologic approaches
suggested that Ay, receptor regulation of a specific
glial glutamate transporter (GLT-1) might account
for this effect. Earlier studies suggested that A,y
receptors could modulate other glial functions (such
as nitric oxide synthase and cyclo-oxygenase activi-
ties) that might play an important role in the sur-
vival of their neuronal neighbors.%4% Therefore,
ubiquitous glial elements in the CNS may also host
A,, receptor involvement in multiple models of
neurodegeneration.

Other candidate mechanisms for dopaminergic neu-
ron protection by A,, antagonists have been suggested
that are unique to the toxin models of PD in which the
protection has been demonstrated. For example, re-
duced cyclic adenosine monophosphate (cAMP) in do-
paminergic neurons leading to increased vesicular
sequestration of 1-methyl-4-phenylpyridinium (MPP;
the active toxin metabolite of MPTP) has been pro-
posed as an explanation for how A,, antagonists atten-
uate neurotoxicity in the MPTP model of PD.®
However, this proposal is primarily based on MPP*
uptake studies in a pheochromocytoma cell line, relies
on the uncertain presence of Ay, receptors on dopami-
nergic neurons, and does not explain A,, antagonist
protection of nondopaminergic neurons. Nevertheless,
the possibility of a simple direct cellular survival effect
of A,, antagonists via a small number of (as yet unsub-
stantiated) A,, receptors on the dopaminergic neurons
themselves (see figure 2, site 4) has not been ruled out.
Recent findings of protection by caffeine or more spe-
cific A,, antagonists against neuronal and non-
neuronal cell death in vitro support this possibility.315

Another important consideration is the possibility
that A,, receptor blockade may protect against
MPTP toxicity simply by limiting MPTP access to
the CNS or its conversion by MAO B to the active
toxin MPP™. Before it was discovered that CSC pos-
sesses potent MAO B inhibitory activity independent
of its A,, antagonist properties,'*'¢ its attenuation of
MPTP metabolism in striatum had suggested that
A, blockade could reduce MPTP toxicity by inhibit-
ing MAO B activity (see Castagnoli et al., page
$62).6” However, caffeine and genetic inactivation of
the A,, receptor did not significantly alter striatal
MPTP concentration in vivo nor did they substan-
tially alter MAO B activity in vitro.24!¢ Moreover,
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the A,, antagonist KW6002 did not appreciably alter
the brain levels or kinetics of MPP" after systemic
MPTP administration.!’® Therefore, inhibition of
MPTP metabolism or MAO B activity does not ex-
plain the neuroprotective of caffeine and more spe-
cific antagonists of the Ay, receptor in models of PD.

Significance for PD. The demonstration that caf-
feine and more specific A,, antagonists protect dopa-
minergic nigrostriatal neurons in multiple animal
models of PD has pathophysiologic, epidemiologic,
and therapeutic significance for PD.

Understanding the neurobiology of the A,, and
other adenosine receptors will provide insight into
the role of endogenous adenosine in basal ganglia
biology and PD pathophysiology.

Establishing the ability of caffeine to protect dopa-
minergic neurons in PD models and identifying a
plausible mechanism of action greatly strengthen
(but do not prove) the hypothesis that a neuroprotec-
tive effect of caffeine is the basis for its inverse epi-
demiologic association with risk of PD.%®

With A,, antagonists emerging as promising ther-
apeutic candidates based on their motor-enhancing
symptomatic effects,®” an additional neuroprotec-
tive benefit would considerably enhance their thera-
peutic potential.
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Monoamine oxidase B inhibition
and neuroprotection

Studies on selective adenosine A,, receptor antagonists

Neal Castagnoli, Jr., PhD; Jacobus P. Petzer, PhD; Salome Steyn, MS; Kay Castagnoli;
Jiang-Fan Chen, MD, PhD; Michael A. Schwarzschild, MD, PhD; and Cornelis J. Van der Schyf, DSc

Abstract—The principal therapeutic agents used in the management of Parkinson’s disease (PD) enhance nigrostriatal
dopaminergic flux through either replenishment of depleted dopamine stores or the action of dopaminergic agonists.
Adenosine A,, receptor antagonists (e.g., KW-6002) may provide symptomatic relief in PD and perhaps also may display
neuroprotective properties based on studies in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of
nigrostriatal neurodegeneration. A second class of compounds that is neuroprotective in the MPTP model comprises
inhibitors of the outer mitochondrial flavoenzyme monoamine oxidase B (MAO B), one of the two forms of MAO that
regulate levels of brain neurotransmitter substances, including dopamine. In this article, data are presented that docu-
ment the overlapping A,, antagonist and MAO B inhibitory properties of several 2-styrylxanthinyl derivatives. A limited
structure-activity analysis of these compounds and structurally related analogs is provided. The results raise the possi-
bility that a single structure may offer the combined benefits of two pharmacologic strategies, each with symptomatic and
potential neuroprotective benefits, for the management of PD.

NEUROLOGY 2003;61(Suppl 6):562-S68

Our interests in monoamine oxidase B (MAO B)
were stimulated by the seminal discovery that this
flavoenzyme catalyzes the conversion of the
parkinsonism-inducing compound 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP, see figure
2 below)!? to a mitochondrial toxin3® that localizes™®
in and eventually destroys dopaminergic nigrostria-
tal neurons. The sequence of events accounting for
MPTP’s neurodegenerative properties has been de-
tailed in several review articles.®'® Because of the
importance of this subject to many of the topics ad-
dressed in this supplement and to the studies sum-
marized in this article, a brief review of the more
salient issues related to MPTP’s neurotoxicity and
the role played by MAO B is presented.

MAO B inhibitors as potential neuropro-
tectants. MAO A and MAO B, the two forms of
this oxidase, catalyze the a-carbon oxidation of a va-
riety of primary amines.”! For example, MAO cata-
lyzes the oxidation of dopamine (1; this and following
numbers in parentheses refer to numbered com-
pounds in figures 1 and 2)'2 to the corresponding
iminium species (2). Subsequent hydrolysis of 2
leads to aldehyde (8) that undergoes further oxida-
tion to the carboxylic acid dihydroxyphenylacetic
acid (DOPAC; 4) (see figure 1).1?

The principal enzymes responsible for the a-carbon
oxidation of xenobiotic cyclic tertiary amines such as

MPTP (5),'4 however, are members of the cyto-
chrome P450 family of enzymes that are located pri-
marily in the liver.’s In the case of MPTP, the resulting
cyclic iminium metabolite 1-methyl-4-phenyl-2,3-
dihydropyridinium (MPDP*; 6), being cyclic, is in
reversible equilibrium with the corresponding ami-
noaldehyde (7).101¢ MPDP" is a substrate of a second
important hepatic enzyme, aldehyde oxidase,!” which
catalyzes the detoxication of this chemically reactive
intermediate to the corresponding stable lactam
(8).1¢ Unexpectedly, MPTP also is an excellent sub-
strate for brain MAO B. In the brain, however, alde-
hyde oxidase activity, if present,'® does not compete
with a subsequent 2-electron ring oxidation of
MPDP"* that generates the pyridinium metabolite
1-methyl-4-phenylpyridinium (MPP™*; 9).1920

Apparently MAO B in the human brain is located
primarily in glial cells?*?® and not in dopaminergic
neurons. Consequently, the MPTP-mediated selec-
tive loss of the nigrostriatal dopaminergic cells ap-
pears to depend on the active transport of MPP™ into
the terminals of these neurons, a process that is
thought to be mediated by the dopamine transport-
er.”82¢ Once within the nerve terminals, MPP™ is
localized within the inner membrane of the mito-
chondrion,?% where it inhibits complex I of the elec-
tron transport chain.?¢ This, in turn, leads to
depletion of adenosine triphosphate (ATP) and ulti-
mate neuronal cell death.?”
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Figure 1. The monoamine oxidase (MAO)-catalyzed oxidation of dopamine (1).

MPTP has proved to be an important agent for
studies directed toward understanding the basic
mechanisms of neurodegeneration and in particular
those molecular events that are responsible for the
selective loss of nigrostriatal neurons, a hallmark of
idiopathic Parkinson’s disease (PD).?® The MPTP-
induced degeneration of nigrostriatal neurons in
C57BL/6 mice? also is used extensively in studies of
potential neuroprotective agents, including Ag, an-
tagonists,3%3! the topic of this supplement. Typically,
MPTP is administered either intraperitoneally or
subcutaneously to the test animal. After 7 or more
days, the striatal dopamine levels are estimated by a
liquid chromatography—electrochemical detection
(LC-EC) assay.?23 The MPTP-induced lesion then
can be related to the extent to which striatal dopa-
mine levels have been depleted.?

The history of the discovery of MPTP’s
parkinsonian-inducing properties reads like a detec-
tive story. MPTP is a degradation product of street
heroin, a chemically unstable analog of meperidine
that had been synthesized to bypass the legal au-
thorities.®3:3 The possibility that this contaminant
might be responsible for the parkinsonism observed
in young drug users was established when MPTP
was found to cause a parkinsonian syndrome in sub-
human primates.?37%% Subsequently, the role played
by MAO B in the mediation of the neurotoxicity of
MPTP was documented in the monkey and the
C57BL/6 mouse model by studies with (R)-deprenyl
(also known as selegiline), a selective and potent ir-
reversible (mechanism-based) inactivator of MAO B.
Pretreatment of susceptible animals with (R)-
deprenyl prevents the neurodegenerative properties
of MPTP.2939-41

Interestingly, this direct relationship between
MAO B activity and MPTP neurotoxicity may de-
scribe only part of a more complex neuroprotective
mechanism. For example, Tatton**** has reported
that doses of (R)-deprenyl that do not inhibit MAO B
still are neuroprotective in the C57BL/6 mouse
model. We# and others* have obtained supporting
results showing that (R)-deprenyl administration af-
ter MPTP has cleared the brain*’ is still neuroprotec-
tive. However, the “window of opportunity” is fairly
narrow because no protection was observed when
(R)-deprenyl was administered 180 minutes post-
MPTP. Evidence has been presented suggesting that
the neuroprotection observed with (R)-deprenyl re-
sults from suppression of free radical damage caused
by the MPP*-mediated damage to mitochondria.*

These data suggest that (R)-deprenyl’s neuroprotec-
tive activity is not mediated exclusively by inhibition of
the MAO B-catalyzed oxidation of MPTP. However,
this conclusion does not rule out a neuroprotective ef-
fect of MAO B inhibition that operates independently
of the bioactivation of MPTP. A potentially dramatic
link between MAO B inhibition and neuroprotection is
the decreased risk of developing PD in tobacco smok-
ers.®® Elegant PET studies have shown that brain
MAO B activity in smokers can be reduced to up to
70% of the corresponding activity observed in non-
smokers.® The possible links between smoking, MAO
inhibition, and neuroprotection currently are under in-
vestigation in our laboratory.

Adenosine A,, receptor antagonists as poten-
tial neuroprotectants. Recent studies by Chen et
al.3! suggest that the xanthinyl derivative caffeine also
is neuroprotective. This finding is of particular interest

Liver Aldehyde Oxidase l

Liver

P450
X - AN N N X

Brain

~
N MAO-B ;}I ff;sz X0 N o 17
|
CH3 CH3 CH3 CH; CH3
MPTP (5) MPDP* (6) 7 8 MPP* (9)
l Brain T

Figure 2. The metabolic fate of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 5).
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Table 1 The K; values for the inhibition of MAO-B by various
(E)-8-styryl-7H-xanthinyl derivatives, including CSC (10) and

KW-6002 (11)
%E Ve S
K, value
MAO-B
Compound RYR? XorX, (uM) Ay, (nM)
10 methyl 8-chloro 0.1 54%
11 ethyl 3,4-dimethoxy 28 2.2%
12 methyl 3-nitro 0.2 195%
13 methyl  3-fluoro 0.4 83*
14 methyl 3,4-dimethoxy 2.7 197%
15 methyl H 3.0 94%
16 ethyl 3-chloro 3.0 Not
reported
17 ethyl 3,4-methylenedioxy 8.0 6.1%

The reported K, values for antagonism of the A,, receptor are
also listed.

* Jacobson et al., 1993
1 Shimada et al., 1997
I Suzuki et al., 1996.

MAO-B = monoamine oxidase B.

because there is strong epidemiologic evidence that cof-
fee drinking is inversely related to the development of

PD 5! Furthermore, caffeine is known to increase motil-
ity in humans and animals, an effect that presumably
is mediated by its antagonistic activity at the A,, re-
ceptor.®2 This enhancement of motility caused by caf-
feine has prompted efforts to develop more potent and
more selective xanthinyl-based A,, antagonists as po-
tential antiparkinsonian agents.’*% Two important
A,, antagonists are the (E)-8-(3-chlorostyryl)xanthinyl
and (E)-8-(3,4-dimethoxystyrylxanthinyl analogs CSC
(10)5355 and KW-6002 (11),** respectively. Like caf-
feine, the A,, antagonist CSC also displays neuropro-
tective properties in the MPTP mouse model.*” The
observed neuroprotective properties of CSC raised the
question of mechanism and led to studies that provided
evidence suggesting that CSC inhibited the metabo-
lism of MPTP in the C57BL/6 mouse.’” Detailed in
vitro studies established that CSC is a potent (K; = 100
nmol/L) and selective competitive inhibitor of MAO B.5
The reported K, value for the selective displacement of
the preferred A,, ligand *H-CGS 21680 from the rat
striatal A,, receptor for CSC is 54 nmol/L.5*> Conse-
quently, the affinities of CSC for the enzyme and the
receptor appear to be comparable. These results argue
that the neuroprotection observed in the MPTP mouse
model, at least in part, may be caused by the CSC-
mediated inhibition of MAO B.

The demonstration that CSC potently inhibits mi-
tochondrial MAO B activity suggested that it might
act on MAO B directly, independent of its well-
established action on the A,, receptor. However, the
standard mitochondrial preparations used to identify
MAQO B inhibition by CSC likely contain some A,,
receptors, leaving open the possibility that CSC

Table 2 The K; values for the inhibition of MAO-B by various (E)-8-styryl-7-methylxanthinyl derivatives

RLN)EI\}
|, — X (or X)
O)\N N \ ¢

. N\ 7

R3

K, value
Compound RY/R® XorX, MAO-B (uM) Ay, (nM)
18 methyl 3-chloro 1.5 Not reported
19 methyl 3-nitro 1.7 438%
20 methyl 3-fluoro 1.9 516%*
21 methyl 3,4-dimethoxy 6.0 1100*
22 methyl H 31.0 201*
23 ethyl 3-chloro Not determined§ Not reported
24 ethyl 3,4-methylenedioxy 2.5 15%
25 ethyl 3,4-dimethoxy 63.0 23%

The reported K; values for antagonism of the A,, receptor are also listed.

* Jacobson et al., 1993.
I Suzuki et al., 1996.

§ The K; value could not be determined because of limited solubility.

MAO-B = monoamine oxidase B.
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Table 3 The K, values for the inhibition of MAO-B by (E)-2-
styrylbenzimidazolyl derivatives

R
!
/
N\
K, values
Compound R X MAO-B
28 H H 53 uM
29 H chloro 3.5 M
30 H fluoro 5.3 uM
31 methyl H 17 uM
32 methyl chloro 1.4 pM
33 methyl fluoro 2.6 pM

MAO-B = monoamine oxidase B.

could indirectly inhibit MAO B through its interac-
tion with the A,, receptor. To address this possibil-
ity, we took advantage of an A,, receptor knockout
mouse model of A,, receptor function. The effects of
CSC on MAO B activity of mitochondria prepared
from the brains of A,, knockout mice were compared
with those of their wild-type littermates.®” In this
experiment, MAO B activity in mitochondrial prepa-
rations that were devoid of A,, receptors (i.e., those
from knockout mice) were fully inhibited by CSC
(with a K; of approximately 100 nmol/L). These and
other data confirmed that the novel MAO B inhibi-
tory action of CSC is independent of its action on Ay,
receptors.

Initial structure: activity correlations between
A,, antagonism and MAO B inhibition. The
combination of the neuroprotective and MAO
B-inhibiting properties of CSC has prompted us to
examine the MAQO B-inhibiting properties of other
A,, antagonists and related compounds to determine
if such dual, independent actions are a common fea-

O CH,
R N
N
)\ | 4
07 N N
R

\
z
N

X (or X)
34: R = C,Hy; X, = 3,4-di-OCHj
35: R = CHy; X, = 3,4-di-OCHj

36:R=CHy; X =H;,
37:R= C2H5; X2 = 3,4-OCH20

Figure 3. The cis-isomer 34 of KW-6002 and related
structures.

X N~cH, X N~ch,
MAO
A AN
+2
Y )
CH; CHs
38 39
(Amax at 420 nm)

Figure 4. The monoamine oxidase (MAO)-catalyzed
a-carbon oxidation of 38 to the dihydropyridinium
species 39.

ture of these types of heterocyclic systems. Should
this prove to be the case, it may be possible to de-
velop drugs that antagonize the Ay, receptor®® and
inhibit MAO B®-6! and thus have enhanced thera-
peutic potential for the management of PD.

As part of an initial structure activity relationship
(SAR) study, several (E)-8-styrylxanthinyl analogs
(tables 1 and 2; compounds 10 to 25), most of which
are known A,, antagonists, were tested in vitro for
their MAO B-inhibiting properties. Of particular in-
terest is KW—6002 (11), an A,, antagonist currently
undergoing clinical trials for the symptomatic man-
agement of PD. Also included in this study are a
group of (E)-2-styrylbenzimidazolyl analogs (table 3;
compounds 28 to 83) and two compounds in which
the styryl double bond has been reduced to give the
corresponding 8-phenylethyl analogs 26 and 27 (see
figure 5, below). These particular structural types
were selected to evaluate the role of the xanthinyl
group (compared with the benzimidazolyl group) and
the potentially important®?%* planar features of the
styryl group (compared with the 8-phenylethyl
group). During the course of our studies, several (E)-
8-styryl-7-methylxanthinyl derivatives with electron-
donating groups on the phenyl ring of the styryl
moiety (compounds 11, 14, 15, and 17) were found to
undergo isomerization to the corresponding cis-
isomers 34 to 37 (figure 3) when exposed to labora-
tory light.®566 A synthetic sample of the KW—-6002
cis-isomer 34 provided an opportunity to compare
the MAO B-inhibiting properties of these geometric
isomers.5”

The MAO B-inhibiting properties of all of the test
compounds were examined in a baboon liver mito-
chondrial preparation, which expresses only MAO B

| R
Hsc\N N
)\ | 4
07 N N
CH;,
26: R =H,
27:R =CH,

Figure 5. Structures of the 2-(8-phenylethyl)xanthinyl an-
alogs discussed in the text.
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activity®® using 1-methyl-4-(1-methylpyrrol-2-yl)-
1,2,3,6-tetrahydropyridine (38) as substrate.®® This is
an excellent substrate for this type of study because
the MAO B-generated dihydropyridinium metabolite
39 (figure 4) is stable under the assay conditions and
has a chromophore with A, ,, at 420 nm, a wave-
length considerably longer than that of the substrate
and any of the test compounds.®®’® By measuring the
initial rates of oxidation of 38 to 39 at concentrations
of 38 that brackets its K,, value of 61 pmol/L® in the
presence of varying concentrations of the test inhibi-
tor, it is possible to determine the K; value for the
inhibitor. In all cases, the plots of 1/V vs 1/[S] and of
the calculated slopes of these plots against [I] were
found to be linear.

The K, values for inhibition of MAO B by the
various test compounds are summarized in tables 1
through 3. Caffeine (not shown) was found to be a
weak inhibitor of MAO B, with a K; value of 6
mmol/L. Conversely, all of the 8-substituted xanthi-
nyl analogs proved to be moderate to potent compet-
itive inhibitors of MAO B. The 7-methyl analogs (10
to 17; see table 1) were more potent than the corre-
sponding 7-H analogs (18 to 25; see table 2). As
expected, CSC (10) was an exceptionally potent in-
hibitor of baboon liver mitochondrial MAO B, with a
K; value of 70 nmol/L. KW-6002 (11), which also has
been shown to protect against MPTP neurotoxicity in
the C57BL/6 mouse®®3! and 6-hydroxydopamine (6-
OHDA) toxicity in the rat,*® was found to be a mod-
erate MAO B inhibitor, with a K, value of 28 pmol/L.
A comparable K, value (17 pmol/L) was obtained us-
ing a C57BL/6 mouse brain mitochondrial assay and
MPTP (5) as substrate.’” The extent to which MAO B
inhibition may contribute to the neuroprotective prop-
erties of KW—6002 is not clear at this time. Observa-
tions by Ikeda et al.?® argue against such a role because
neuroprotective doses of KW—6002 do not alter MPP™*
levels in the striatum when measured 1 to 6 hours
after MPTP administration. This finding does not ex-
clude inhibition of MAO as a possible contributor to the
neuroprotective mechanism because, as discussed ear-
lier, the neuroprotective properties of the potent MAO
B mechanism-based inactivator (R)-deprenyl in the
MPTP mouse model also appear to involve pathways
that are independent of the inhibition of MPP™
formation.2#

Two other compounds in this series (the
3-nitrostyryl [12] and 3-fluorostyryl [13] analogs) also
proved to be potent inhibitors of MAO B, with K| val-
ues in the nanomolar range (see table 1). Like CSC,
these compounds are (E)-8-styrylcaffeinyl analogs
bearing an electronegative group at the C-3 position of
the styryl ring. However, other structural modifica-
tions of CSC led to decreased MAO B inhibitory activ-
ity. Although all of the (E)-2-styrylbenzimidazolyl
derivatives (see table 3) exhibited MAQO B inhibitory
activity, they were considerably less potent than the
corresponding xanthinyl derivatives. As with the xan-
thinyl analogs, the corresponding 1-methyl analogs 31
to 38 consistently were more potent than the 1-H ana-
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logs (28 to 80). The CSC analog (E)-1-methyl-2-(3-
chlorostyryl)benzimidazole (32) proved to be the most
potent inhibitor, with a K; value of 1.4 pmol/L. Based
on these results, we conclude that the xanthinyl moiety
is a better system for the development of exceptionally
potent MAO B inhibitors. Furthermore, it appears that
an electron-withdrawing substituent on the styryl moi-
ety of these series of compounds enhances MAO
B-inhibiting activity, suggesting that an electronic ef-
fect may contribute to inhibitory activity. The
2-phenylethyl analogs 26 (K; = 183 pmol/L) and 27
(K; = 36 umol/L) were considerably less potent inhibi-
tors of MAO B than the corresponding xanthinyl ana-
logs and benzimidazolyl analogs. Consequently, a
planar arrangement of the arenyl groups is probably
important for activity. Finally, the photochemically
produced cis-isomer 34 of KW-6002 was devoid of in-
hibitory activity.

Conclusions. Primate and rodent data generated
in models of parkinsonian motor dysfunction suggest
that Ag, antagonists may significantly relieve motor
disabilities present in PD.’® The therapeutic poten-
tial of compounds such as CSC and KW-6002 may
be enhanced according to recent findings that A,,
receptor inactivation also confers protection to dopa-
minergic neurons in models of the neurodegenera-
tion underlying PD (as reviewed elsewhere in this
supplement). Qur discovery that a subset of A,, an-
tagonists includes compounds with potent and A,,
receptor-independent MAO B inhibitor properties
raises the possibility that a single structure may of-
fer the combined benefits of two pharmacologic strat-
egies, each with symptomatic and potential
neuroprotective benefits for PD. A,, receptor antag-
onism is currently under investigation in clinical tri-
als designed to test for symptomatic benefit in PD,
whereas MAO B inhibition, whose symptomatic ben-
efits have been confirmed recently,” is now being
assessed for its ability to slow disease progression in
PD. Future studies should also take advantage of
this apparent molecular coincidence to improve our
fundamental understanding of MAO and adenosine
receptor biology.
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Modulation of glutamate release and
excitotoxicity by adenosine A,, receptors

P. Popoli, MD; C. Frank, MD; M.T. Tebano, MD; R.L. Potenza, BSc; A. Pintor, BSc; M.R. Domenici, BSc;
V. Nazzicone; A. Pézzola; and R. Reggio

Abstract—Because an increased glutamate outflow is thought to play a crucial role in triggering excitotoxic neuronal
death, drugs able to regulate glutamate release could be effective for the management of neurodegenerative diseases. In
this article, the authors discuss the hypothesis that adenosine A,, receptor antagonists (A,, antagonists) may belong to
the aforementioned category. In rats bilaterally lesioned with the excitotoxin quinolinic acid (QA) in the striatum, the A,
antagonist SCH 58261 significantly reduced the motor, EEG, and neuropathologic changes induced by the lesion. Such
effects of SCH 58261 occurred only at low doses and were paralleled by an inhibition of QA-stimulated glutamate release.
The role played by A,, antagonists in the regulation of glutamate outflow was also confirmed by preliminary results
obtained in the model of paired-pulse stimulation in corticostriatal slices. Conversely, based on data obtained in cultured
striatal neurons, A,, antagonists appear unable to directly inhibit NMDA effects. In conclusion, A,, antagonists show
clear neuroprotective effects in models of brain injury, although their actual therapeutic potential needs to be confirmed in
a wider range of doses and in models of neurodegenerative diseases in which presynaptic and postsynaptic effects play

different relative roles.
NEUROLOGY 2003;61(Suppl 6):S69-571

Excitotoxicity is a common pathogenetic mechanism
in neurodegenerative diseases either as a primum
movens or a second-line partner triggered by other
mechanisms.! An abnormal glutamate outflow is
thought to play a crucial role in triggering the cellu-
lar events leading to excitotoxic neuronal death.2?

Adenosine is an endogenous modulator that regu-
lates many CNS functions. Its effects are mediated
by four G protein-coupled receptors (A;, Ass, Asp,
and A,).* A, receptors (A pRs) positively modulate
striatal glutamate outflow,¢ suggesting that their
blockade could represent a suitable approach to the
management of neurodegenerative diseases. In
agreement with this hypothesis, mice lacking A, Rs
were shown to be more resistant to ischemia- and
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced neuronal damage,”® whereas the
pharmacologic blockade of A,,Rs prevented the ef-
fects elicited by the excitotoxin quinolinic acid (QA)
in the rat striatum.? Particularly in the latter model,
the selective A,, antagonist SCH 58261 (0.01 but not
1 mg/kg intraperitoneally) significantly reduced the
effects of QA in terms of exaggerated motor activity
(increased motor response to d-amphetamine), EEG
changes (reduction in voltage amplitude and altered
distribution in the relative EEG power), striatal glio-
sis, and lesion size (figure 1).

Modulation of excitotoxic injury by A,,Rs

Presynaptic effects. Because QA acts by increas-
ing glutamate outflow and directly stimulating NMDA
receptors (NMDARs),% in a second set of experiments

we aimed to determine whether the neuroprotective
effects of SCH 58261 were actually mediated by a pre-
synaptic mechanism (i.e., inhibition of QA-induced glu-
tamate release). In microdialysis experiments in naive
rats, striatal perfusion with QA (5 mmol/L. through
the dialysis probe) enhanced glutamate levels by ap-
proximately 500%. SCH 58261, when administered in-
traperitoneally at the dose of 0.01 mg/kg 20 minutes
before QA perfusion, almost completely antagonized
QA-stimulated glutamate outflow (figure 2). This is the
same dose and administration paradigm of SCH 58261
that was effective in protecting QA-lesioned animals,
confirming that the reduction of QA-stimulated gluta-
mate outflow plays a major role in the effects of the
drug. Although it has been observed that an increase
in extracellular glutamate levels may not be a good
index of excitotoxicity,!! a contribution of increased glu-
tamate outflow in inducing excitotoxic neuronal death
is well established. An inhibition of evoked glutamate
release has been reported to parallel the neuroprotec-
tive effects of some compounds.® Therefore, the modu-
lation of glutamate outflow may explain the
neuroprotective effects of SCH 58261, although alter-
native mechanisms (e.g., a possible regulation of exces-
sive microglial cell activation)'? should also be
considered (see Schwarzschild et al., page S55).

To obtain further evidence for the ability of Ay,
antagonists to modulate neurotransmitter release,
experiments were performed using the model of
paired-pulse stimulation (PPS) of the electrical re-
sponse in rat corticostriatal slices. Paired-pulse mod-
ification of neurotransmission is attributed to
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Figure 1. SCH 58261 exerts neuroprotective effects on
quinolinic acid (QA)-induced striatal lesions. Two groups
of rats were treated with either SCH 58261 (0.01 mglkg,
intraperitoneally) or vehicle 20 minutes before intrastri-
atal infusion of QA (300 nmol/1 pL). Four weeks after the
lesion, the brains were removed, and serial 20-um coronal
sections were stained with cresyl violet and examined by
light microscopy. Images were captured by a color digital
camera and analyzed using the Optilab software (Graftek,
Mirmande, France). For each animal, the lesion area was
measured on the slides showing the largest lesion exten-
sion and expressed as a percentage of the total area of the
dorsal striatum. *p < 0.05 according to the nonparametric
Mann-Whitney U test (see Popoli et al., 2002).

presynaptic changes in release probability.’® Specifi-
cally, manipulations increasing and decreasing neuro-
transmitter release usually decrease and increase,
respectively, the ratio of the second pulse response to
the first pulse response (R2/R1). In this model, 100
pumol/L 4-aminopyridine (4-AP), a K channel blocker
that increases presynaptic neurotransmitter release,
significantly reduces R2/R1 with respect to basal condi-
tions (0.68 + 0.02 vs 1.30 = 0.08; p < 0.05 according to
Student’s #-test). The coapplication of ZM241385 (100
nmol/L) reduced the effects of 4-AP by 40% (p < 0.05 vs
4-AP according to Student’s t-test). ZM241385 on its
own did not influence the R2/R1 ratio. Because in cor-
ticostriatal slices the occurrence of paired-pulse facili-
tation (i.e., the increase in the second vs the first pulse
response normally observed in response to a PPS pro-
tocol) depends on the integrity of cortical projections,*
the effects of 4-AP (which exerted a facilitatory influ-
ence on neurotransmitter release) and ZM241385
(which inhibited the proreleasing influence of 4-AP)
can be ascribed to a modulation of glutamate release.
Therefore, these results confirm, in a different model,
that adenosine A,, antagonists inhibit glutamate re-
lease. The finding that ZM241385 does not affect PPS
by itself agrees with the results of previous microdialy-
sis studies showing that SCH 58261 did not influence
basal extracellular glutamate levels.®!> This suggests
that the A,, antagonist-mediated inhibition of gluta-
mate release mainly occurs when glutamate outflow is
somehow stimulated, which may represent a great ad-
vantage for the clinical application of A,, antagonists.
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Figure 2. An inhibition of quinolinic acid (QA)-induced
glutamate outflow parallels the neuroprotective effects of
SCH 58261. In animals implanted with a concentric dial-
ysis probe in the striatum, the perfusion with QA (5
mmol/L over 30 minutes) induced a marked increase in
extracellular glutamate levels, with peak response (from
15 to 30 minutes of the perfusion period) shown here.
Such an increase was prevented by SCH 58261 (0.01 mg/
kg, intraperitoneally, 20 minutes before QA perfusion).
Perfusion rate was 2 pL/min. Samples were collected every
5 minutes (see Popoli et al., 2002). *p < 0.05 vs QA.

Postsynaptic effects. To determine whether a
postsynaptic component was involved in the neuro-
protective effects of SCH 58261 toward QA, experi-
ments were performed on primary striatal cultures.
In this preparation, we have found that bath applica-
tion of QA (900 umol/L) significantly increased intra-
cellular calcium levels, an effect prevented by the
NMDAR antagonist MK-801.° Unexpectedly, bath
application of SCH 58261 (15 to 200 nmol/L) tended
to potentiate QA-induced calcium increase. There-
fore, SCH 58261 does not act by reducing this
postsynaptic (i.e., NMDAR agonistic) effect of QA. To
further explore the apparent inability of A,, antago-
nists to attenuate postsynaptic NMDAR-dependent
effects, additional experiments were performed on
striatal neurons. In these experiments, the ability of
a different A,, antagonist, ZM241385, to influence
NMDA-induced increases in intracellular calcium
levels and neuronal cell injury (as measured by lac-
tate dehydrogenase [LDH] release) was tested.
Striatal cells from 17-day-old rat embryos were
dissociated, plated, and treated as previously de-
scribed.® Experiments were started 13 to 15 days
after plating. Optical fluorimetric recordings with
fura 2-acetoxymethyl ester (fura-2AM) were used to
evaluate the intracellular calcium concentration
([Ca2?*],). Fura-2AM solution was applied to cells
over 60 minutes and then replaced by extracellular
solution. The dishes were quickly placed on the mi-
croscope stage, and fluorescence changes were mea-
sured by a computerized analysis system recording
every 6 seconds the ratio between the values of light



intensity at 340- and 380-nm stimulation. NMDA
(100 pmol/L) and ZM241385 (10, 50, and 100 nmol/L)
were applied directly in the bath. To assess neuronal
cell injury, the amount of LDH released from dam-
aged cells in the culture medium was measured by
spectrophotometric assay using a cytotoxicity detec-
tion kit. By incubating the cultures (striatal neurons
obtained as above and plated onto 24-well plates)
with 300 umol/L. NMDA over 60 minutes, excitotox-
icity was induced, and LDH release was assessed 24
hours thereafter. ZM241385 (10 to 100 nmol/L) was
added to the cultures 15 minutes before NMDA.

Bath application of NMDA (100 pmol/L) to cul-
tured striatal neurons significantly increased [Ca®*];
with respect to basal conditions, an effect that was
not influenced by 10 to 100 nmol/L. ZM241385. The
application of 300 pmol/LL NMDA to striatal neurons
induced a marked release of LDH (approximately
100% over basal levels). Again, such an effect of
NMDA was not significantly affected by 10 to 100
nmol/L, ZM241385 (unpublished observations). These
results suggest that no direct NMDAR-blocking ef-
fects are involved in the neuroprotective effects of
A R antagonists.

A,,R blockade and neuroprotection. As men-
tioned previously, although A,, antagonists seem
unable to directly inhibit NMDA-dependent effects,
this does not represent a true limitation in models of
excitotoxicity characterized by a prominent presyn-
aptic component, as in the case of QA toxicity in vivo.
QA-induced neuronal death in the rat striatum was
almost abolished by the removal of corticostriatal
projections.’® Of course, the real neuroprotective po-
tential of A,, antagonists may be tempered by, or
perhaps even replaced by, detrimental postsynaptic
effects in neurotoxicity models sustained mainly by
direct NMDAR activation.

Another point deserving further investigation is
that, at least in the model of striatal lesion by QA,
the neuroprotective effects of SCH 58261 only oc-
curred at very low doses. Although unexpected, this
finding was in line with the results of previous stud-
ies showing the protective effects of very low to low
doses of SCH 58261 in models of brain ischemia,l?1®
The most obvious explanation for the aforementioned
finding would be that higher doses of SCH 58261
also block adenosine receptors other than Ay, (e.g.,
adenosine A; receptors, whose blockade would be
detrimental in models of excitotoxicity).!® Alterna-
tively, the occurrence of peripheral effects after the
administration of the higher dose of SCH 58261 can
be invoked. Therefore, low doses of SCH 58261 may
have protective effects in excitotoxic processes by the
inhibition of adenosine A, R-stimulated glutamate
release, whereas higher doses could also block aden-
osine A, R-mediated effects on blood pressure,?
eventually reducing blood flow (and then nutrient
supply) to the compromised brain area and further
stimulating glutamate release. Finally, because an
inflammatory reaction accompanies and contributes

to brain injury?! and because Ay, R activation has
been reported to reduce proinflammatory events in
the brain,?? it is conceivable that higher doses of
A,,R antagonists may neutralize the potentially
beneficial effects achieved through the stimulation of
A,,Rs by endogenous adenosine.

In conclusion, A,,R antagonists seem to be prom-
ising neuroprotective drugs, although their true
therapeutic potential needs to be confirmed in a
wider range of doses and in models of neurodegen-
erative diseases in which presynaptic and postsynap-
tic effects play different relative roles.
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IV. Adenosine A,, receptors in
nonlocomotor features of
Parkinson’s disease

Introduction

Ennio Ongini, PhD

Symptoms beyond motor abnormalities. Many
symptoms of Parkinson’s disease (PD) are the conse-
quence of motor disability. However, there are clini-
cal features that appear to be independent of motor
impairment. For example, depression is a common
problem, and patients tend to become passive and
show little interest in daily activities. Sleep difficul-
ties are also common in patients with PD, and sleep
disruption appears to be related to disease progres-
sion. Other symptoms, such as some degree of ortho-
static hypotension or constipation, may depend on
autonomic dysfunction. Most patients receive treat-
ment with drugs that improve symptoms but also
produce side effects; therefore, it is difficult to sepa-
rate problems associated with the progression of the
disease from those caused by medication. For exam-
ple, when used long term, the most widely used drug
therapy, 1-dopa, leads to a variety of severe compli-
cations, including dyskinesias, “on-off” fluctuations
in drug effectiveness, and a number of psychiatric
manifestations. Moreover, L-dopa efficacy generally
decreases as the disease progresses.

The ideal new drug would arrest or even reverse
the progression of the disease without the complica-
tions associated with existing medications. With this
aim in mind, it is crucial to assess the potential of
the emerging A,, receptor blockers with respect to
all features of PD, not just those related to the im-
pairment of the motor system. To achieve this, it is
important to understand the role of the A,, receptors
in neuronal systems beyond those involved in the
control of motor function.

A,, receptors mediate many effects in the
CNS. The rich distribution of A,, receptors in close
association with dopaminergic pathways in the stria-
tum! underlies the well-documented effects of Ay,
receptor antagonists in a variety of motor-
impairment models relevant to PD. Modulation by
A, receptors of dopamine D, and possibly D; recep-
tors in striatal pathways may also underlie L-dopa—
induced dyskinesia, as suggested by the observation
that dyskinesia induced by 1-dopa is attenuated in

From the Nicox Research Institute, Bresso, Milan, Italy.

A, .7 animals? (see also Chen et al., page S74). This
indicates that the presence of A,, receptors is re-
quired for L-dopa-induced sensitization. Similarly,
A,, receptors also play a role in amphetamine-
induced behavioral sensitization. These data suggest
that the combination of Ay, antagonist and 1-dopa is
less likely to lead to dyskinesia in patients receiving
long-term treatment. Clearly, this adds to the poten-
tial advantages of A,, receptor antagonists for man-
agement of PD.

There are other behavioral effects that appear to
depend on such an interaction between Ay, and do-
pamine receptors in the striatum.® In laboratory an-
imals, Ay, receptor stimulation leads to behavioral
responses mimicking those produced by neuroleptic
agents that act by blocking D, receptors. Therefore,
it has been claimed that A,, agonists have potential
as antipsychotic agents, although other effects, such
as reduction of blood pressure, need to be addressed
before this perspective becomes persuasive. Note
that A,, antagonists do not produce significant be-
havioral changes related to psychotomimetic effects
(Weiss et al., page S88).

Although to a lesser extent, A,, receptors are also
present in other brain areas' where they can modu-
late physiologic and behavioral events not related to
locomotion. One important effect is on the sleep—
wake continuum. Adenosine appears to be involved
in the regulation of sleep states, and A,, receptors
have been shown to be involved.* Blockade of A,,
receptors leads to increased duration of wakefulness,
an effect similar to that produced by caffeine.’ In
addition, A,,” mice exhibit a reduction in duration
of sleep phases in response to pharmacologic agents
and sleep deprivation (Urade et al., page S94). It is
not known how these data will impact the therapeu-
tic profile in patients. Because altered sleep occurs in
patients with PD, this feature of A,, antagonists
needs to be considered. This is particularly true if
these agents will be used in combination with
L-dopa, which is known to alter sleep states.

Also of relevance to the therapeutic perspective
are data showing that blockade or genetic inactiva-
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tion of Ay, receptors results in behaviors predictive
of antidepressant activity as measured in estab-
lished experimental paradigms® (see El Yacoubi et
al., page S82). These data suggest that A,, receptor
antagonists can benefit patients with PD by enhanc-
ing mood in addition to their motor effects. Although
the mechanisms underlying this putative antidepres-
sant effect remain largely unknown, initial evidence
suggests that interaction with dopaminergic trans-
mission is involved. Clearly, clinical studies are nec-
essary to determine whether antiparkinsonian
effects of Ay, antagonists are accompanied by some
degree of antidepressant activity.

A,, receptors in the periphery. Within the neu-
roscience community, attention is commonly directed
toward receptors located in the brain only. However,
adenosine mediates a wide range of physiologic func-
tions in the periphery through interactions with its
receptors located on a variety of cells. It is beyond
the scope of this commentary to list all known func-
tions of peripheral A,, receptors; however, the fol-
lowing two adenosine-mediated effects are of
particular importance to the clinical use of A,, an-
tagonists. First, A, , receptors are involved in vasodi-
lation. Stimulation of A,, receptors produces
vasodilation and a decrease in blood pressure.” Con-
versely, high doses of A,, antagonists or genetic
inactivation of Ay, receptors increases blood pres-
sure.®? Although these effects may not occur at doses
effective in PD models, it is important to determine
whether interactions occur with 1-dopa, which tends
to lower blood pressure. The second point regards
the distribution of the A,, receptors in blood ele-
ments.’® A,, receptors are present in platelets, lym-
phocytes, and neutrophils, where they are involved
in mediating platelet aggregation and controlling in-
flammatory reactions. Although toxicologic studies
on new drugs will clarify whether some parameters
are altered during continuous drug administration,
it is important to be aware of possible A,,-mediated
effects produced in the periphery.

Concluding remarks. Together, the results of
studies focusing on nonlocomotor activities add inter-
esting features to the known potential of Ay, recep-
tor antagonists for treatment of patients with PD.
Their ability to reduce dyskinesia via the reduction
of L-dopa—induced sensitization is of key relevance to
the clinical perspective. Likewise, antidepressant
properties and lack of psychotomimetic action are
certainly desirable additional characteristics for a
new antiparkinsonian agent. Effects on sleep should
receive attention to define the overall profile of the
new A,, antagonists.

Still to be defined by further studies are the mech-
anisms at the cellular and neuronal network level,
beyond those likely to occur through interactions
with dopaminergic pathways in the striatum. More-
over, peripheral effects need to be studied further in
view of the continuous blockade of the A,, receptors
expected with long-term therapy in patients with
PD. Finally, all of us eagerly await the outcome of
clinical studies.
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Adenosine A,, receptors in
neuroadaptation to repeated
dopaminergic stimulation

Implications for the treatment of dyskinesias in
Parkinson’s disease

Jiang-Fan Chen, MD, PhD; Silva Fredduzzi, PhD; Elena Bastia, PhD; Liqun Yu, MD, PhD;
Rosario Moratalla, PhD; Ennio Ongini, PhD; and Michael A. Schwarzschild, MD, PhD

Abstract—The A, , receptor has recently attracted considerable interest as a potential target for Parkinson’s disease (PD)
therapy based on the motor-enhancing and neuroprotective effects of A,, antagonists in animal models of PD. The unique
neuronal localization of the adenosine A,, receptor in the basal ganglia and its extensive interactions with dopaminergic
and glutamatergic systems led the authors to investigate a potential role of the A,, receptor in the development of
behavioral sensitization in response to repeated dopaminergic stimulation. Because dopamine-induced behavioral sensiti-
zation shares several neurochemical and behavioral features with dyskinesia, characterizing this novel aspect of Ay
receptor function may enhance understanding and management of dyskinesia in PD. Recent studies from several labora-
tories suggest that the A,, receptor may be an important mediator of maladaptive changes in response to long-term
dopamine stimulation. The authors summarize their investigation of the role of A,, receptors in two paradigms of
behavioral sensitization elicited by daily treatment with either L-dopa in hemiparkinsonian mice or amphetamine in naive
mice. The results demonstrate that the A,, receptor is required for the development of behavioral sensitization in
response to repeated L-dopa treatment in hemiparkinsonian mice and repeated amphetamine administration in normal
mice. Together with pharmacologic studies, these results raise the possibility that the maladaptive dyskinetic responses to
long-term L-dopa management of PD may be attenuated by A,, receptor blockade. Potential presynaptic, postsynaptic
(cellular), and trans-synaptic (network) mechanisms are discussed.

NEUROLOGY 2003;61(Suppl 6):574-581

oped some form of dyskinesia.®® Animal model and
clinical studies suggest that a profound loss of dopa-
minergic neurons and long-term treatment with
L-dopa are necessary for the development of
dyskinesia.®!* Such shortcomings of L-dopa and re-
lated dopaminergic drugs have prompted a search
for alternative treatment strategies that provide
symptomatic benefits while avoiding the late motor
complications associated with the long-term use of
L-dopa.

Debilitating complications associated with
long-term L-dopa management of PD prompt a
search for alternative therapeutic strat-
egies. Patients with Parkinson’s disease (PD) are
profoundly depleted of striatal dopamine as a result
of degeneration of the nigrostriatal dopaminergic
pathway.®* More than 30 years after its introduction
as a dopamine-replacement strategy for PD manage-
ment, L-dopa remains the most effective and most
commonly prescribed therapy.?? Despite its deserved
title as the “gold standard” against which all other

antiparkinsonian drugs are judged, long-term L-dopa
therapy is limited by major motor complications.
Long-term r-dopa treatment of patients with PD can
lead to the development of debilitating abnormal mo-
tor responses,*® most commonly consisting of invol-
untary dystonic and chronic movements termed
dyskinesia. In fact, 5 to 10 years after beginning
L-dopa treatment, 60 to 80% of patients have devel-

Adenosine A,, receptors emerge as an attrac-
tive target for PD therapy. Extensive neuroana-
tomic, neurochemical, and behavioral studies have
led to the development of A,, receptor antagonists
for symptomatic relief from the motor deficits of PD.
First, the unique, selective distribution of A,, recep-
tors in striatum and the colocalization of A,, recep-
tors with D, receptors provide an anatomic basis for
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selective modulation of the “indirect” striatopallidal
pathway and thus a major dopaminergic motor path-
way (see Rosin et al., page S12). Second, behavioral
studies have demonstrated that the nonspecific
adenosine antagonists caffeine and theophylline!*4
and A,,-specific antagonists CSC,*1¢ KW6002,17-20
and SCH 58261142123 gnhance motor activity in ro-
dent and nonhuman primate models of PD. Third,
neurochemical studies have demonstrated that acti-
vation of the A,, receptor reduces the binding affin-
ity of D, receptors in the striatum and antagonizes
the effects of striatal D, receptors on acetylcholine
and GABA release and on immediate early gene
expression.'415242 Thig antagonistic interaction be-
tween Ay, adenosine and dopamine receptors may be
mediated by a direct A,,-D, receptor—receptor inter-
action within the membrane and by an opposing,
independent functional antagonism at the levels of
postreceptor signaling pathways and neural net-
works.?®% Fourth, acting through the cyclic adeno-
sine monophosphate (cAMP) pathway, A,, receptors
can modulate the conductivity of NMDA receptors?!
and affect subunit phosphorylation of NMDA and
a-amino-3-hydroxy-5-methyl-4-isoxazole proprionic
acid (AMPA) receptors, an important neurochemical
change associated with r-dopa—induced dyskinesia
(see Chase et al., page S107). Finally, activation of
the A,, receptor has been shown to enhance the
release of several nmeurotransmitters in the brain,
including dopamine and glutamate,?”323 critical pro-
cesses involved in dopamine-elicited behavioral sen-
sitization. Together, these features highlight the
potential of targeting the A,, receptor in the search
for effective new management of PD symptoms and
the dyskinesias that complicate traditional PD ther-
apy. The prospects for benefit in humans are further
supported by evidence that the Ay, receptor remains
fully expressed in the basal ganglia of patients with
PD.2

Genetic inactivation of A,, receptor attenuates
L-dopa~induced behavioral sensitization in
hemiparkinsonian mice. In 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-lesioned parkin-
sonian primates, long-term exposure to therapeutic
doses of 1-dopa reliably elicits purposeless choreic
movements, providing an excellent model of r-dopa—
induced dyskinesia in PD. In contrast to repeated
L-dopa treatment, repeated treatment of MPTP-
lesioned monkeys with the A,, antagonist KW6002
consistently corrects their motor deficits without in-
ducing dyskinesias (see Kase et al., page S97; Jenner
et al., page 832). These studies have distinguished
A,, antagonists from antiparkinsonian agents that
directly stimulate dopaminergic transmission. For
example, an A,, antagonist has shown minimal po-
tential to induce dyskinesia by itself in L-dopa—naive
and r-dopa—primed parkinsonian monkeys. However,
whether A,, receptors can influence the develop-
ment of sensitized motor responses to repeated

L-dopa administration in parkinsonian animals is en-
tirely unknown.

To critically evaluate the involvement of A,, re-
ceptors in the maladaptive neuroplasticity underly-
ing r-dopa—induced dyskinesia, we have adapted a
rodent “priming” model in which delayed but pro-
gressive rotational behavioral sensitization is in-
duced by repeated treatment with 1-dopa in
unilaterally 6-hydroxydopamine (6-OHDA)-lesioned
mice.?>3 The rotational behavioral sensitization in-
duced by repeated r-dopa treatment in rodents
shares several neurochemical features with L-dopa-—
induced dyskinesia in the MPTP model in primates:
35,36,38,39 1) dyskinesia and rotational behavioral
sensitization are induced only after the animals have
been primed with 1-dopa; 2) drugs that do not induce
dyskinesia in MPTP-treated primates (such as the
D, agonist bromocriptine) also do not produce rota-
tional behavioral sensitization in rodents; and 3) in
the rodent and primate models of PD, similar pat-
terns of altered neuropeptide expression have been
observed after long-term 1-dopa treatment. Therefore,
this rotational behavioral sensitization model in ro-
dents may help to evaluate how the A,, receptor may
influence development of 1-dopa—induced behavioral
sensitization and may help elucidate the neuronal
mechanisms underlying 1-dopa—induced dyskinesia.

After unilateral intrastriatal injection of 6-OHDA,
wild-type and A,, receptor knockout mice were
treated daily with low doses of r-dopa (1.8 mg/kg,
intraperitoneally) for 3 weeks. The administration of
L-dopa produced delayed but progressive contralat-
eral rotational responses (figure 1) and sensitization
of grooming*® behaviors in wild-type mice. In contrast,
A, receptor knockout mice failed to develop statisti-
cally significant behavioral sensitization at this dosage
(see figure 1). Most strikingly, any enhancement of ro-
tational response to r-dopa in A,, receptor knockout
mice returned to baseline (i.e., that on day 1), where it
remained for the rest of the experiment.

Because development of r-dopa—induced behav-
ioral sensitization is associated with a progressively
shortened onset and duration of action,*42 we also

compared how the kinetics of r-dopa—induced re-

sponses changed during the 3-week course of daily
treatments in wild-type and A,, receptor knockout
mice. The time to reach the peak contralateral turn-
ing response to a single dose of 1-dopa (1.8 mg/kg)
was progressively shortened in wild-type mice (from
20 to 30 minutes on day 1, to 20 minutes on day 11,
to 10 minutes on day 20). In contrast, the time to
reach the peak response in A,, receptor knockout
animals remained virtually unchanged throughout
the treatment (~20 minutes for days 1, 11, and 20).40
Parallel with attenuated behavioral sensitization in
A, receptor knockout mice, repeated L-dopa treat-
ment reversed the 6-OHDA-induced reduction of
striatal dynorphin mRNA in wild-type but not in A,,
receptor knockout mice (figure 1B), raising the possi-
bility that the A,, receptor may contribute to r-
dopa—induced behavioral sensitization by facilitating
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Figure 1. A,, receptor deficiency atten-
uates L-dopa—induced behavioral sensiti-
zation and striatal dynorphin
expression. (A) Wild-type (filled circles)
and A, receptor knockout (unfilled cir-
cles) mice were treated with benserazide
(2 mglkg, intraperitoneally) plus L-dopa
(1.8 mglkg, intraperitoneally) once a day
for 20 days. Contralateral rotational be-
havior was evaluated for the I-hour test
period immediately after the administra-
tion of L-dopa on the indicated days.

*

1 3 5 7 9 11 14 17 20
Time (days)

Vehicle l-dopa Ldopa
{1.8) 2.5)

Data are expressed as mean = SEM of
the net contralateral rotations (con-
tralateral — ipsilateral turns). *p <

0.01; F(2,22) = 2.92; split-plot analysis of variance followed by Fisher’s LSD comparison test compared with the corre-
sponding knockout value; n = 10 wild-type mice and n = 12 knockout mice. (B) The dynorphin mRNA levels were deter-
mined by in situ hybridization histochemistry in mice unilaterally lesioned with 6-hydroxydopamine (6-OHDA), followed
by daily treatment with L-dopa (1.8 or 2.5 mglkg) or vehicle for 21 days. Dynorphin mRNA levels (OD) were quantified at
the level of midstriatum and expressed as a percentage of the contralateral side (unlesioned striatum). *p < 0.05; Stu-
dent’s t-test compared with the corresponding wild-type group. The numbers inside the bars indicate the animal numbers
for each group. Reprinted from Fredduzzi et al”® with permission. (Copyright 2002 by the Society for Neuroscience).

adaptations within the dynorphin-expressing stria-
tonigral pathway.

Therefore, the absence of long-term L-dopa—in-
duced sensitization at the behavioral (contralateral
rotation and grooming) and cellular (dynorphin
mRNA) levels in hemiparkinsonian mice lacking Agy
receptors strongly suggests that Ay, receptors are
required for L-dopa—induced behavioral sensitization.
Furthermore, it raises the possibility that the mal-
adaptive dyskinetic responses to long-term L-dopa
management of PD may be attenuated by A,, recep-
tor blockade. In line with this notion, Pinna et al.
showed that coadministration of the A,, antagonist
SCH 58261 with L-dopa (3 mg/kg) stimulated motor
activity that did not sensitize after repeated treat-
ments, whereas repeated L-dopa on its own (at 6
mg/kg, a dose that produced the same acute motor
response as the A,, antagonist/L-dopa combination)
led to clear behavioral sensitization.

More direct pharmacologic evidence has strength-
ened the possibility that A,, antagonists may help
prevent L-dopa—induced dyskinesia. In experiments
conducted by Chase et al. (see page S107), coadmin-
istration of the A,, antagonist KW6002 with 1-dopa
or with a dopaminergic agonist blocked the progres-
sive shortening of motor response duration in
hemiparkinsonian rats and prevented the develop-
ment of dyskinesias themselves in parkinsonian
monkeys. However, a recent study reported no effect
of KW6002 paired with repeated L-dopa doses on the
development of dyskinetic responses in hemiparkin-
sonian rats.*® Another group similarly found no pre-
ventative effect of a different Ay, antagonist on the
development of shortening motor responses to re-
peated L-dopa administration in hemiparkinsonian
rats,® although they did observe a complete reversal
of L-dopa response shortening when the antagonist
was administered after altered L-dopa responses
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were established. Despite the aforementioned dis-
crepancies, these studies generally support the no-
tion that A,, antagonists may limit or reverse the
induction or expression of dyskinesias in PD.

Inactivation of A,, receptors also attenuates
behavioral sensitization induced by repeated
treatment with amphetamine. The attenuation
of L-dopa—induced rotational behavioral sensitization
by A,s receptor inactivation raises the question of
whether the A,, receptor is required for behavioral
sensitization in response to a wide range of dopami-
nergic stimuli. Similar adaptive neuronal mecha-
nisms (such as supersensitivity of the dopaminergic
system) have been suggested to explain L-dopa-
induced priming and amphetamine-induced behav-
ioral sensitization,®114 leading us to propose that
A, receptors may also play an important role in the
development of amphetamine-induced behavioral
sensitization. To test this hypothesis, we investi-
gated how A,, receptors influence behavioral sensiti-
zation induced by the psychostimulant amphetamine
and by D, and D, receptor agonists in a locomotor
sensitization paradigm.

Wild-type and A,, receptor knockout mice were
treated with amphetamine (2.5 mg/kg, intraperitone-
ally) daily for 8 days, and the locomotor response to
amphetamine was monitored on days 1 and 8 (figure
2). Wild-type mice displayed significantly enhanced
locomotor response to amphetamine on day 8 com-
pared with their response to the same dose of amphet-
amine on day 1 (see figure 2). By contrast, A,, receptor
knockout mice did not show any enhancement of
amphetamine-induced locomotion on day 8 compared
with day 1 (see figure 2). In addition, the locomotor
sensitization in wild-type mice and its absence in Ay,
receptor knockout mice persisted for at least 2 weeks
after discontinuation of daily amphetamine injec-
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motor sensitization was indistinguishable
between wild-type and A, receptor
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tions.*¢ Pharmacologic blockade of A,, receptors also
blunted the development of amphetamine-induced loco-
motor sensitization in mice (Bastia et al., unpublished
data). Furthermore, the lack of amphetamine-induced
locomotor sensitization in Ay, receptor knockout mice
is the result of neither a nonspecific motor threshold
effect nor delayed sensitization and is not attributable
to sensitized stereotyped behavior of the type reflected
in horizontal fine movements.*® In correlation with
blunted amphetamine-induced locomotor sensitization
in Agy receptor knockout mice, daily treatment with
amphetamine induced an increase in dynorphin mRNA
in wild-type but not in A,, receptor knockout mice.4

Consistent with these findings, a withdrawal syn-
drome that develops after long-term repeated alcohol
administration was attenuated in A,, receptor
knockout mice and in mice treated with the specific
A,, antagonist ZM241385.47 However, a specific A,y
agonist has also been shown to attenuate metham-
phetamine-induced motor sensitization.® Although
the exact role of the A,, receptor in the development
of dopamine-mediated behavioral sensitization re-
mains to be clarified, these studies consistently point
to an important role for this receptor in neuroadap-
tive changes underlying dopamine-mediated behav-
ioral sensitization.

Attenuation of amphetamine-induced and L-
dopa-induced (but not D; or D, agonist-
induced) behavioral sensitization suggests a
possible presynaptic modulation by A,, recep-
tors. The attenuation of behavioral sensitization in L-
dopa~induced rotational sensitization and amphetamine-

0 30 &0 knockout mice. Reprinted from Chen et
Time (min)

al.*¢ Reproduced with permission.

induced locomotor sensitization suggests that A,
receptors may be required for a broad range of behav-
ioral sensitization induced by repeated dopaminergic
stimulation. To further address this issue, we tested
the effect of A, receptor inactivation on locomotor sen-
sitization by D; and D, receptor agonists. Daily treat-
ment with the D, agonist SKF81297 produced identical
behavioral sensitization in wild-type and A,, receptor
knockout mice.*¢ Similarly, the repeated administra-
tion of the D, agonist quinpirole (albeit using a differ-
ent treatment paradigm) elicited sensitized rotational
behavior in wild-type and A,, receptor knockout
mice.*¢ Furthermore, coinjection of SKF81297 and
quinpirole also resulted in indistinguishable locomotor
sensitization in Ay, receptor knockout and wild-type
mice (see figure 2), suggesting normal D, and D, recep-
tor responsiveness. These results demonstrated that
although A,, receptor inactivation selectively attenu-
ates amphetamine-induced and 1-dopa—induced behav-
ioral sensitization, it does not necessarily result in a
general, nonspecific loss of neuroadaptive changes to
dopaminergic stimulation in the brain.

The apparent selectivity of the attenuation of be-
havioral sensitization for amphetamine and 1-dopa
(both of whose actions involve dopamine release at
presynaptic terminals) led us to hypothesize that A,y
receptor inactivation may prevent behavioral sensiti-
zation by impairing a presynaptic mechanism. Early
studies show that dopamine accumulation in striatal
microdialysates?®?4%% is generally increased by Agj,
agonists and decreased by A,, antagonists, suggest-
ing a presynaptic mechanism through which Ay, re-
ceptor inactivation could prevent psychostimulant-
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induced sensitization. In agreement, our preliminary
study showed that depolarization-elicited dopamine
release was significantly attenuated in striatal syn-
aptosomes from A,, receptor knockout mice.* This
notion is supported by recent in vivo data demon-
strating that basal dopamine efflux in striatum,
measured by microdialysis, is significantly lower in
A,, receptor knockout mice compared with their
wild-type littermates.”

In addition to dopamine, glutamate released from
nerve terminals in the striatum, nucleus accumbens,
and ventral mesencephalon has been strongly impli-
cated in the different phases of sensitization.®® Agy
receptors play a well-established excitatory role in
the CNS?7 attributed to their facilitative effect on
glutamate release, which has been demonstrated in
striatum and cortex (see Popoli, page S69).53% There-
fore, alterations in glutamate release caused by Agy
receptor inactivation may contribute to the pheno-
type of attenuated L-dopa-induced and
amphetamine-induced sensitization in A,, receptor
knockout mice. Moreover, tonic activation of D, re-
ceptors by psychostimulants has been shown to in-
crease adenosine tone after metabolism of cAMP at
the corticostriatal terminals,55-5® which may facilitate
glutamate release via presynaptic Ay, receptor stim-
ulation.2”5%5 We hypothesize that costimulation of
dopamine (D,) receptors and glutamate receptors af-
ter increased tone of adenosine in striatum is critical
to the establishment of behavioral sensitization (fig-
ure 3). Consequently, inactivation of Ay, receptors
could conceivably affect psychostimulant sensitiza-
tion by attenuating the release of glutamate or dopa-
mine and by disrupting their synergistic feed-
forward loops.

Postsynaptic (cellular) and trans-synaptic (net-
work) mechanisms may contribute to modulation
of behavioral sensitization by A,, receptors.
Postsynaptic (cellular) mechanisms. In addition to
the aforementioned mechanism, the A,, receptor
may modulate L-dopa-induced behavioral sensitiza-
tion through its cellular-level interaction with the D,
receptor or glutamate receptors in striatal neurons.
Among striatal neurons’ multiple intracellular sig-
naling cascades, the cAMP pathway in particular
has also been implicated in the basal ganglia plastic-
ity that underlies behavioral sensitization to dopami-
nergic stimulation.®12456061 The A,, receptor, which
is positively coupled to adenylate cyclase and cAMP
production through G, may influence L-dopa—in-
duced neurochemical and behavioral changes by af-
fecting this pathway (see figure 3). In this regard, a
recent study shows that D, receptor blockade in-
duces phosphorylation of DARPP-32 protein in wild-
type mice but not in A, receptor knockout mice,
indicating a critical role for Ay, receptors in striatal
cellular signaling involving the cAMP pathway.5
Moreover, cellular interaction of adenosine and
glutamate receptors could underlie modulation of
amphetamine-induced and L-dopa—induced behav-
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Figure 3. A hypothesis for how Ay, receptors facilitate
behavioral sensitization—adenosine-dopamine-glutamate
feed-forward interactions in long-term potentiation (LTP).
A schematic diagram illustrates a possible interplay
among adenosine, dopamine, and glutamate systems in
the development of LTP and behavioral sensitization.
Tonic activation of D, receptors by psychostimulants (am-
phetaminelcocaine) has been shown to increase adenosine
tone by increasing metabolism of cyclic adenosine mono-
phosphate (cAMP) at corticostriatal nerve terminals.55%¢
An increased level of extracellular adenosine, acting at
A, receptors, can facilitate glutamate release from corti-
costriatal nerve terminals.?’5%5 We hypothesize that the
resulting enhanced costimulation of dopamine (D) recep-
tors and glutamate receptors on striatal neurons may be
critical to the development of LTP, which has been impli-
cated in the behavioral sensitization of L-dopa~induced
dyskinesias.” Hexagon = adenosine; square = dopamine;
oval = glutamate.

ioral sensitization by A,, receptors. For example, ac-
tivation of A,, receptors can also modulate NMDA
receptor conductance®3 and phosphorylation of
NMDA receptors (see Chase et al., page S107). Be-
cause NMDA and non-NMDA glutamate receptor an-
tagonists have been shown to interfere with the
development of behavioral sensitization to amphet-
amine® and L-dopa,® inactivation of A,, receptors
could modulate behavioral sensitization by affecting
NMDA receptors in striatal neurons. In addition, re-
cent studies have implicated metabotropic glutamate
receptor (mGluR) in regulating psychostimulant-
induced neurochemical and behavioral effects.®%56
The reinforcing and locomotor stimulant effect of co-
caine was blunted in mice lacking mGluR5.%° Be-
cause several studies have demonstrated a close
interaction among A,, receptors, D, receptors, and
mGluR5 receptors in the basal ganglia,® ™ A,, re-
ceptors may modulate psychostimulant-induced sen-
sitization through interaction with mGluR5 and
dopamine receptors.

The molecular interactions among A,, receptors,
D, receptors, and glutamate receptors may alter cel-
lular mechanisms associated with behavioral sensiti-
zation. Interestingly, D’Alcantara et al.” recently
reported that genetic depletion or pharmacologic
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blockade of A,, receptors attenuates long-term po-
tentiation (LTP) in the nucleus accumbens without
affecting basal synaptic transmission. Therefore, in-
activation of A,, receptors may also modify
psychostimulant-induced behavioral sensitization by
impairing LTP and “striatal learning” processes.™

Trans-synaptic (network-level) mechanisms. Fi-
nally, complex interactions between the adenosine
receptor and multiple neurotransmitter receptors at
a network level need to be considered. Although A,,
receptors are almost exclusively colocalized with D,
receptors in striatopallidal neurons, activation of the
D, or Ay, receptors in striatal slices has been shown
to trans-synaptically interact with D; receptors to
modulate phosphorylation of DARPP-32, an effect
that was blocked by tetrodotoxin.”™ These studies il-
lustrate clearly a functional cross-talk between the
indirect pathway (coexpressing A,, and D, recep-
tors) and the direct pathway (expressing D; recep-
tors) at the network level. Understanding such cross-
talk between A,, receptors in the indirect pathway
and D, receptors in the direct pathway may be criti-
cal because repeated L-dopa treatment leads to an
imbalance between the outputs of the direct and in-
direct pathways in the basal ganglia. Specifically,
L-dopa acts on the direct pathway to produce neuro-
chemical changes underlying behavioral sensitiza-
tion. Repeated L-dopa administration has been
shown reproducibly to increase expression of mRNAs
encoding the neuropeptide dynorphin in striatonigral
neurons. Increases in dynorphin have been corre-
lated with the development of L-dopa—induced behav-
ioral sensitization,”>” indicating overactivity of the
(D,-expressing) direct pathway in 1-dopa-sensitized
animals. Our finding that long-term L-dopa treat-
ment reverses the 6-OHDA-induced reduction in
striatal dynorphin mRNA in wild-type mice but not
in A,, receptor knockout mice supports this notion.
However, it should be noted that behavioral sensiti-
zation to direct D; and D, agonists (alone or in com-
bination) appears similar in A,, receptor knockout
and wild-type littermates, suggesting that signifi-
cant alterations in D; or D, receptor-mediated sig-
naling pathways alone are unlikely to be the basis of
attenuated sensitization in the A,, receptor knock-
out mice. Further studies are needed to clarify the
cellular mechanism by which the A,, receptor modu-
lates behavioral sensitization induced by amphet-
amine and L-dopa.

Another network level interaction may involve
feedback projection loops from striatum to cortex and
back to striatum via glutamatergic subthalamic and
GABAergic substantia nigra neurons that indirectly
link striatal A,, receptors with excitatory thalamic
and corticostriatal neurons. It is possible that this
extensive network interaction may be subject to A,
receptor modulation during the development of -
dopa-induced dyskinesia in PD.

Therapeutic implications for PD. The lack of
persistent L-dopa-induced behavioral sensitization

in A,, receptor knockout mice has implications for
the development of A,, antagonists as a potential
therapeutic intervention for PD. A,, antagonists are
being developed as novel therapeutic agents for PD
management based primarily on their well-
documented capacity to enhance motor function, and
they are now entering clinical phase II trials for pa-
tients with PD (see Kase et al., page S97; Chase et
al., page S107). The present findings suggest an ad-
ditional potential benefit of A,, receptor inactivation
as early adjunctive therapy with L-dopa for manage-
ment of PD. Persistent rotational sensitization,
grooming sensitization, and increased striatal dynor-
phin mRNA levels induced by repeated 1-dopa ad-
ministration in hemiparkinsonian mice depend on
the presence of the A,, receptor; therefore, A,, an-
tagonists may attenuate the maladaptive dyskinetic
responses to long-term 1-dopa management of PD. In
addition, we have recently demonstrated that A,,
antagonists attenuate dopaminergic neurotoxicity in
the MPTP model of PD in mice, raising the possibil-
ity that A,, antagonists may offer neuroprotective
and symptomatic benefits in PD managements® (see
Schwarzschild et al., page S55). Because dopaminer-
gic degeneration is critical for the development of
dyskinesia, A,, antagonist-mediated neuroprotection
may also contribute to attenuation of L-dopa-induced
dyskinesia by slowing dopaminergic degeneration.
Together, these multiple potential therapeutic bene-
fits of A,, antagonists (motor enhancement, neuro-
protection against dopaminergic toxicity, and
prevention of dyskinesia) should greatly encourage
their development as a promising treatment for pa-
tients with PD.
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Adenosine A, receptors and depression

Malika El Yacoubi, PhD; Jean Costentin, MD, PhD; and Jean-Marie Vaugeois, PhD

Abstract—Adenosine and its analogues have been shown to induce “behavioral despair” in animal models believed to be
relevant to depression. Recent data have shown that selective adenosine A,, receptor antagonists (e.g., SCH 58261,
7ZM241385, and KW6002) or genetic inactivation of the receptor was effective in reversing signs of behavioral despair in
the tail suspension and forced swim tests, two screening procedures predictive of antidepressant activity. Ay, antagonists
were active in the tail suspension test using either mice previously screened for having high immobility scores or mice that
were selectively bred for their spontaneous “helplessness” in this test. At stimulant doses, caffeine, a nonselective A;/Az,
receptor antagonist, was effective in the forced swim test. The authors have hypothesized that the antidepressant-like
effect of selective A,, antagonists is linked to an interaction with dopaminergic transmission, possibly in the frontal
cortex. In support of this idea, administration of the dopamine D, receptor antagonist haloperidol prevented
antidepressant-like effects elicited by SCH 58261 in the forced swim test (putatively involving cortex), whereas it had no
effect on stimulant motor effects of SCH 58261 (putatively linked to ventral striatum). The interaction profile of caffeine
with haloperidol differed markedly from that of SCH 58261 in the forced swim and motor activity tests. Therefore, a
clear-cut antidepressant-like effect could not be ascribed to caffeine. In conclusion, available data support the proposition
that a selective blockade of the adenosine A,, receptor may be an interesting target for the development of effective

antidepressant agents.
NEUROLOGY 2003;61(Supp! 6):582-587

Adenosine, a multifaceted neuromodulator. It
is well established that, in the CNS, adenosine is a
neuromodulator acting through discrete cell-surface
receptors.! Approximately 10 years ago, the first two
adenosine receptors, A; and A,,, were identified
among putative G protein-coupled receptors. Later,
two other receptor types, A,z and A, were cloned.?
Adenosine itself has been established as a potential
regulator of complex central functions, such as anxi-
ety states,3* aggressiveness,® and sleep.®

Caffeine (1,3,7-trimethylxanthine) was recognized
more than 20 years ago to act as an antagonist at
adenosine receptors.” Caffeine is likely to exert its
primary action through adenosine receptors because
they are the only known sites that bind caffeine at
low concentrations.® Caffeine has important effects
on alertness and is widely consumed by people who
need to stay awake.? Stimulant effects have been
quantified in motor activity studies in rodents.'®!

Major depression is one of the most frequent ill-
nesses, and increasing evidence suggests that it has
a neurobiologic basis that includes genetic factors.
Therefore, major depression may involve several
neural systems within the brain, and the dopamine
system is a candidate among them.>** Concerning
the underlying functional neuroanatomy, it has been
suggested that dysfunctions or imbalances at multi-
ple points within limbic cortical-striatal-pallidal-
thalamic circuits may be associated with major
depressive syndrome.™

Adenosine and rodent’s blues. Some experimen-
tal data suggest that adenosine may be involved in

the pathophysiology of mood disorders. First, the ac-
tivation of central adenosine receptors, via either an-
alogues of adenosine or an increase in endogenous
adenosine levels, led to a behavioral state called
“learned helplessness,” similar to that induced by sub-
mitting rats to inescapable shocks.’1¢ Second, in the
mouse forced swim test,!’” a preclinical test aimed at
screening potential antidepressant agents, adenosine
and its synthetic analogue 2-chloroadenosine length-
ened the duration of immobility. Dipyridamole, which
is known to inhibit adenosine uptake, potentiated the
adenosine effect. Conversely, the nonselective adeno-
sine receptor antagonists caffeine and theophylline
blocked the nucleoside-induced enhancement of immo-
bility. In the same study, the tricyclic antidepressant
agents imipramine and desipramine and the mono-
amine oxidase (MAO) inhibitor tranylcypromine also
reversed adenosine-induced immobility.’® This prolon-
gation of immobility in animals suggested that adeno-
sine might be involved in the process leading to
“behavioral despair.”

The adenosine-dopamine connection put for-
ward. Our understanding of adenosine—dopamine
interactions in the basal ganglia!®? indicates that
adenosine modulates dopaminergic functions in dor-
sal and ventral striatum regions, where the nigro-
striatal, the mesostriatal, and the mesolimbic
dopaminergic neuronal pathways terminate. Adeno-
sine A, receptors are predominantly expressed in
pallidal-projecting GABAergic enkephalin-containing
neurons, which also express dopamine D, recep-
tors.521.22 Svenningsson et al.?? have provided autora-
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diographic evidence for the existence of extrastriatal
adenosine A,, receptors throughout the thalamus
and cerebral cortex in the human brain. Currently,
there is interest in A,, antagonists as therapeutic
agents for dopamine-mediated motor disorders such
as Parkinson’s disease (PD).?32¢ Conversely, in-
creases in striatal dopamine D, receptor® and dopa-
mine neuronal transporter?® densities measured by
SPECT have been reported in patients with depres-
sion as compared with control subjects. These effects
may be associated with a reduction in dopaminergic
function, reflected in either decreased dopamine re-
lease or dopamine receptor upregulation. The dopa-
mine reuptake inhibitor bupropion?’ displays potent
antidepressant properties.? Moreover, antidepres-
sant effects in patients with depression have also
been reported with direct dopamine D, agonists
piribedil®® and bromocriptine,® which are mainly
used to manage PD. Therefore, adenosine receptor
antagonists that modulate mesostriatal or mesocorti-
colimbic dopaminergic neuronal pathways may be
therapeutically beneficial for the management of
depression.

In addition to the mouse forced swim test,!” a sec-
ond test called the automated tail suspension test?!
is commonly used to screen potential antidepressant
agents, which are considered effective if one dose can
reduce the period of immobility in these tests. The
mouse forced swim test does not regularly detect
selective serotonin reuptake inhibitors,?? which are
antidepressant agents. Therefore, for investigating
antidepressant agents, it is interesting to add the
tail suspension test to the mouse forced swim test
because selective serotonin reuptake inhibitors are
effective in the former.?* One major drawback of
these two tests is that they include a motor compo-
nent unrelated to the correction of the pathologic
disturbance of interest, i.e., low mood. Consequently,
it is critical to carry out motor activity tests in paral-
lel to try to differentiate pure motor stimulant effects
from the ability to increase escape-directed
behavior 273334

With this background in mind, it appeared logical
to ask whether the blockade or absence of adenosine
A, receptors would influence helplessness in animal
models useful to screen potential antidepressant
agents. Therefore, the behavior of A,, receptor
knockout (A;AR“/ 7) mice® as compared with wild-
type (AgaR™™") controls has been evaluated in two
different screening tests, and the effects of selective
Ay, antagonists and caffeine on helplessness were
also studied. Given their potentially confounding mo-
tor effects in these screening procedures, it appeared
important to identify whether nonspecific changes in
motor activity might be associated with any reversal
of the state of despair.

Antidepressant-like behavioral effects in mice
lacking the A,, receptor. In the tail suspension
test, the duration of immobility was significantly re-
duced in adenosine A,,R™~ mice as compared with
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Figure 1. Immobility times of A, receptor knockout (Ay,
R~'~) and wild-type mice recorded in the tail suspension
or forced swim tests. (A) Duration of immobility in the tail
suspension test. Mean * SEM of data from 29 mice per
group. (B) Duration of immobility in the forced swim fest.
Mean = SEM of data from 16 mice per group. *p < 0.05,
*#%p < 0.001 as compared with wild-type mice by Stu-
dent’s t-test. Reprinted from El Yacoubi et al.’° Repro-
duced with permission.

A,,R™* animals. In the forced swim test, Ag,R™/~
animals also behaved differently from their A, R*'*
controls because they showed a strong reduction in
the time of immobility (figure 1). Classically, these
results may be interpreted as a reduction in help-
lessness in mice lacking the adenosine Ay, receptor.
It was previously shown that adenosine A, R~/
mice displayed a reduced locomotor activity in an
open field when compared with A,,R*™/* mice 5113536
On the contrary, in the forced swim and tail suspen-
sion tests, their activities were enhanced as com-
pared with those of A,,R™* mice, suggesting that
the neuronal pathways underlying the two behav-
iors are at least partly different. Furthermore, it is
obvious that antidepressant-induced reduction of im-
mobility cannot be explained by a nonspecific behav-
ioral stimulation because many antidepressant
agents tend to decrease motor activity.333” In addi-
tion, direct dopamine D, receptor agonists, known to
usually reduce motor activity when administered in
mice,? have been shown to increase mobility time in
the forced swim test.?® These encouraging results ob-
tained with adenosine A, R™~ mice prompted the
authors to study the effects of A,, antagonists, non-
selective and selective, with the expectation that
they also have antidepressant-like properties.

Caffeine does not produce antidepressant-like
effects in mice. Antidepressant-like properties of
A,, antagonists were initially suggested approxi-
mately 10 years ago by Sarges et al.*° These authors
discovered an antagonist compound, CP 66713, with
a 25-fold selectivity toward A,, vs A, receptor, which
was active in the forced swim test. Caffeine, which at
low doses causes “positive” subjective effects on
mood,® is a nonselective A; (K; = 29 pmol/L) and A,,
(K; = 48 pmol/L.) antagonist.*' Functional studies
revealed that the main targets for the stimulatory
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Figure 2. Effects of caffeine and SCH 58261 in the mouse
forced swim test. Testing was for 6 minutes. (A) Caffeine
(6.25, 12.5, 25, and 50 mglkg) or (B) SCH 58261 (1, 3,
and 10 mglkg) were acutely administered intraperitoneally
to CD1 mice. The test was performed 30 minutes after
treatment. Mean = SEM of data from 8 to 14 control mice
and 8 mice in treated groups. ** p < 0.01, {one-way analy-
sis of variance followed by Student-Newman—Keuls test).

properties of caffeine’ are the adenosine A,, recep-
tors.101142 A range of pharmacologically relevant
doses of caffeine (6.25 to 50 mg/kg) administered to
CD1 mice caused significant [F(4,45) = 11.47; p <
0.001] anti-immobility effects in the forced swim test
(figure 2A), starting at the motor stimulant dose of
12.5 mg/kg.!! These data are consistent with the re-
sults obtained in previous studies in mice.**** How-
ever, the fact that caffeine increases motor activity
in mice (e.g., figure 4A) may cast doubt on the reli-
ability of the forced swim test to identify this sub-
stance as a potential antidepressant. Therefore, to
further analyze this effect of caffeine on the forced
swim test, an interaction study with the preferential
dopamine D, receptor antagonist haloperidol** was
carried out. The aim was to discriminate an escape-
directed behavior (i.e., a motivation to engage in ac-
tive coping attempts to avoid the stressful situation)
from a nonspecific locomotor stimulant effect elicited
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Figure 3. Effects of SCH 58261 or imipramine in the tail
suspension test performed in a novel genetic mouse model
of depression. Outbred CD1 mice were used as the founda-
tion population of a line of mice that was selectively bred
for its high spontaneous helplessness (immobility scores
=115 seconds = helpless) in the tail suspension test. Mice
of both sexes (seventh generation) were injected intraperi-
toneally with 10 mglkg SCH 58261 (upper panel) or 30
mglkg imipramine (lower panel) 30 minutes before the
test. Testing was for 6 minutes. Mean = SEM of data
from 8 to 12 control mice and 9 to 12 mice in treated
groups. *¥p < 0.01, ***p < 0.001 (one-way analysis of
variance followed by Student-Newman—Keuls test) as com-
pared with vehicle-injected groups.

by 25 mg/kg caffeine. Haloperidol depressed baseline
and caffeine-stimulated open-field motor activity in a
dose-dependent manner (see figure 4A). Two-way
analysis of variance (ANOVA) showed that there was
no haloperidol X caffeine interaction [F(2,47) = 2.05;
p > 0.05], indicating a parallel evolution of dose—
response motor effects after haloperidol administra-
tion in vehicle- and caffeine-treated mice. The
statistical analysis further showed significant effects
of haloperidol and caffeine. By contrast, eticlopride,
another preferential dopamine D, receptor antago-
nist, was shown to block the motor stimulant effects
of caffeine in rats at doses not active on motor activ-
ity by themselves.” Finally, the anti-immobility ef-
fect of caffeine in the mouse forced swim test was
prevented by pretreatment with haloperidol, as indi-
cated by a significant interaction [F(3,76) = 8.05;
p < 0.001] between haloperidol and caffeine treat-
ments (figure 4B). Hence, the motor stimulant and
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Figure 4. Effects of haloperidol on stimulation of locomo-
tor activity and anti-immobility response induced by caf-
feine or SCH 58261. Mice were injected with saline or
increasing doses of haloperidol (50, 100, and 200 pg/kg,
intraperitoneally). Fifteen minutes later, they were injected
intraperitoneally with vehicle or caffeine (25 mg/kg) or
SCH 58261 (10 mglkg). Upper panels, locomotor activity
test. Immediately after the second treatment, mice were
introduced into the actimeters. The horizontal activity was
measured for 45 minutes. Mean = SEM of data from eight
mice per group. Statistics by two-way analysis of variance
(ANOVA) followed by post hoc comparisons. (A) Shows no
interaction between factors haloperidol and caffeine:
F(2,47) = 2.05, p > 0.05. (C) Reveals an interaction be-
tween factors haloperidol and SCH 58261: F(2,47) = 4.11,
p = 0.02. Lower panels, forced swim test. Mice pretreated
with haloperidol or saline received vehicle or caffeine or
SCH 58261 30 minutes before testing. The duration of im-
mobility was recorded during the last 3 minutes of the
6-minute testing period. Mean = SEM of data from 14
control mice and 8 to 11 mice in treated groups. Statistics
by two-way ANOVA followed by post hoc comparisons. (B)
Reveals an interaction between factors haloperidol and
caffeine: F(3,76) = 8.05, p < 0.001. Also, (D) shows an in-
teraction between factors haloperidol and SCH 58261:
F(3,72) = 5.04, p < 0.01. Post hoc comparisons: **p <
0.01, ***p < 0.001 as compared with respective caffeine-
or SCH 58261-untreated control groups; #p < 0.05, ##p <
0.01, #i##p < 0.001 as compared with respective
haloperidol-untreated control groups. Panels C and D re-
printed from El Yacoubi et al.’’ Reproduced with
permission.

the anti-immobility effects of caffeine were altered
by similar doses of the dopamine D, receptor antag-
onist haloperidol in the present work. These results
suggest that caffeine could induce a nonspecific ef-
fect in the screening test used here. No genuine anti-
depressant effects have yet been attributed to
caffeine despite the apparent increase it produces in
norepinephrine turnover and the downregulation it
induces in B-adrenoceptor levels.*® Our results agree
with other studies interpreting the effects of caffeine
in the forced swim test as false positive.4**” Given
the effectiveness of adenosine A,,R™~ mice and of
selective A,, antagonists (see below) in the same
screening procedures, we suggest that the antago-
nism at adenosine A, receptor elicited by caffeine
could have negative effects on the behavioral out-
come in the mouse forced swim test.

Selective A,, antagonists are potential antide-
pressant agents. The effects of three selective A,y
antagonists, SCH 58261, ZM241385 and KW6002,
have been examined in screening procedures for an-
tidepressant agents. SCH 58261 is a selective adeno-
sine A,, receptor antagonist, with a greater
selectivity profile than ZM241385.4¢ The xanthine-
like derivative KW6002 displays a high affinity for
A, receptor, a moderate Ay, vs A, selectivity, and is
active in experimental models of PD.#

These three selective Ay, antagonists were shown
to be effective in the tail suspension test after short-
term treatment using CD1 mice.’® The A,, antago-
nists ZM241385 and SCH 58261 also decreased (by
50% for 30 mg/kg ZM241385, and by 68% for 10
mg’kg SCH 58261) the immobility time of animals
screened twice as having a “high immobility” (i.e.,
immobility score =115 seconds) in the tail suspen-
sion test.?® Finally, SCH 58261 and the tricyclic anti-
depressant imipramine increased struggling time in
the latter test (figure 3) performed with mice that
are selectively bred for their spontaneous helpless-
ness in this test®®—a genetic mouse model that may
be useful to screen potential antidepressant agents.5*

Further experiments were carried out with the
more selective compound SCH 58261, which does not
target the adenosine A, receptor.® SCH 58261 was
also found to be effective in the mouse forced swim test,
with significant [F(3,31) = 6.83; p = 0.001] effects from
3 mg/kg, intraperitoneally (see figure 2B). Then, an
interaction study with haloperidol was also carried out.
In this set of two experiments performed in parallel,
mice received increasing doses of subcutaneous halo-
peridol 15 minutes before the administration of an
effective dose (10 mg/kg, intraperitoneally) of SCH
58261 and were then assayed in either the locomotor
activity (figure 4C) or forced swim (figure 4D) tests.
In the locomotor activity test, there was a significant
haloperidol X SCH 58261 interaction [F(2,47) =
4.11; p < 0.05]. As expected, haloperidol by itself
induced a decrease in motor activity; however, the
stimulant effects of SCH 58261 were not changed by
the concomitant presence of haloperidol (see figure
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4C). In the forced swim test, the two-way ANOVA
also revealed a significant interaction between the
two factors [F(3,72) = 5.04; p < 0.01]. Haloperidol
produced no effect over the dose range used (see
figure 4D). However, the effects of SCH 58261 in the
forced swim test were reversed in the presence of
haloperidol (50, 100, and 200 png/kg, intraperitoneal-
ly). It is remarkable to note that the anti-immobility
effect elicited by SCH 58261 was prevented by a low
dose (0.05 mg/kg) of the dopamine D, receptor antag-
onist, demonstrating a high sensitivity of the goal-
directed behavior to haloperidol (see figure 4D). This
finding should be put into the context of other stud-
ies showing that dopamine D, receptor antagonists
block anti-immobility effects of antidepressant
agents.?52 Haloperidol did not counteract SCH
58261-induced stimulant effects when administered
in the range of doses used in the present experiment
(see figure 4C). It may be pointed out that several
previous studies have demonstrated that A,, antag-
onists are effective in reducing catalepsy induced by
high doses of dopamine D, receptor antagonists, a
screening test for potential antiparkinsonian drugs.®
Taken together, these results would fit with the hy-
pothesis put forward by Svenningsson et al.*? that
adenosine and dopamine are tonically active at their
respective receptors in striatum.

Therefore, dopamine transmission through D, re-
ceptors is critically involved in the anti-immobility
effect elicited by SCH 58261. Dopamine transmission
in the frontal cortex and nucleus accumbens has
been implicated in the mechanism of action of anti-
depressant agents.’*>* One tentative explanation for
the dissociation between the two behaviors studied
here may reside in the peculiar physiology and phar-
macology of dopamine neurons originating in the
ventral tegmental area in the midbrain and project-
ing to the prefrontal cortex. As compared with me-
solimbic and nigrostriatal dopamine mneurons,
mesocortical dopamine neurons have a higher firing
rate, and dopamine has a higher turnover rate. Fur-
thermore, mild stressors activate them. In contrast
to nigrostriatal dopamine neurons, mesoprefrontal
dopamine neurons also may not be well suited for
maintaining homeostasis because of the absence or
low sensitivity of synthesis- and impulse-regulating
autoreceptors.ss Because of the blockade of synthesis-
and impulse-regulating autoreceptors on projections
to dorsal and ventral striatum, haloperidol by itself
may induce a greater release of dopamine and thus
higher synaptic dopamine concentration in these ar-
eas, allowing a competition between haloperidol and
synaptic dopamine. This could explain, in part, the lack
of antagonism of SCH 58261-induced effects in the mo-
tor activity test. On the contrary, the dopamine release
elicited by haloperidol in the frontal cortex would be
much weaker in intensity,* allowing the reversal of the
anti-immobility effect caused by the selective Ay, an-
tagonist. Direct evidence of an increased extracellular
dopamine release in the prefrontal cortex of rats, as
reported for reference antidepressant agents such as
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fluoxetine and clomipramine,® would lend support to
our hypothesis.

The adenosine A,, receptor has been visualized by
autoradiography in the prefrontal cortex of the
mouse® with densities equal to approximately one-
tenth of that found in the striatum. The selective
adenosine A,, receptor antagonist [*H] SCH 58261
was also found to label the postmortem human pre-
frontal cortex, with a binding density approximately
one-third of that detected in rostral putamen.?? Nu-
merous neuroanatomic studies have found differ-
ences in cerebral blood flow and metabolism in the
prefrontal cortex of patients with depression when
compared with healthy control subjects.!* Therefore,
it will be of interest to investigate how A,, receptor
blockade produces an increase in escape-directed be-
havior in screening tests. A role of Ay, receptors lo-
cated in the striatum cannot be completely excluded for
at least two reasons. First, dopamine transmission in
this structure plays an important role in determining
the individual flexibility to manage sensory informa-
tion.5® Second, dopamine D, receptor densities are
modified in the striatum of patients with depression
relative to control subjects.?

Although it is widely accepted that the tests dis-
cussed here are useful to screen potential antide-
pressant agents, selective Ay, antagonists should be
screened in other preclinical models such as learned
helplessness or chronic mild stress, for instance. Ul-
timately, the question of clinically significant antide-
pressant action in humans will be addressed when
selective A,, antagonists are evaluated in therapeu-
tic trials for pathologic states such as PD?* if not for
depression itself.

In conclusion, these data support the hypothesis
that SCH 58261 and other A,, antagonists induce
activity in the forced swim and tail suspension tests
by a prolongation of escape-directed behavior rather
than by a generalized motor stimulant effect. The
positive effect is likely mediated by an increase in
dopaminergic transmission, possibly in the frontal
cortex. Therefore, selective A,, antagonists appear
to be attractive targets for drug development as an-
tidepressant agents.
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Potential for antipsychotic and
psychotomimetic effects of A,y
receptor modulation

Scott M. Weiss, PhD; Emma Whawell, BSc; Rebecca Upton, MSc; and Colin T. Dourish, PhD, DSc

Abstract—The discovery of antagonistic interactions between A,, adenosine receptors and D, dopamine receptors in the
ventral striatum suggested that A,, receptor activation might modulate the antipsychotic effects of dopamine receptor
antagonists and could provide an opportunity for the development of A,, receptor agonists as novel antipsychotic drugs.
However, there is limited evidence from preclinical and clinical studies that A,, receptor agonists can exert antipsychotic
effects. Furthermore, it remains unclear whether A,, receptor agonists possess a sufficient safety margin or whether their
potent hypotensive effects or extrapyramidal side effects would limit their therapeutic utility as antipsychotic agents. The
interaction between A,, receptors and D, receptors also raises the possibility that A,, receptor antagonists, which hold
considerable promise as antiparkinsonian agents, may have dose-limiting psychotomimetic side effects. Preclinical studies
using selective A,, receptor antagonists suggest that this class of compound has a low propensity to elicit psychotomimetic

side effects or exacerbate those induced by D, receptor agonists.

NEUROLOGY 2003;61(Suppl 6):588-593

The discovery of an antagonistic interaction between
adenosine A,, and dopamine D, receptors in dorsal
and ventral regions of the striatum has important
implications for a number of psychiatric and neuro-
logic disorders.? Although considerable attention has
been paid to the potential utility of Ay, receptor an-
tagonists for managing movement disorders such as
Parkinson’s disease (PD),23 there is also evidence for
involvement of adenosine in the pathophysiology of
schizophrenia and in mediating some of the behav-
ioral effects induced by psychotomimetic drugs.*®
The involvement of neuronal dopamine systems in
schizophrenia is well established. Most clinically pre-
scribed antipsychotic agents have high affinity for
dopamine D, receptors, and the “typical” antipsy-
chotic drug haloperidol is a selective D, receptor
antagonist.68 “Atypical” antipsychotic agents, such
as clozapine and olanzapine, also have high affinity
for D, receptors® and in addition have actions at a
number of other receptor systems, most notably
5-HT, receptors. Nevertheless, the best predictor of
clinical efficacy for typical and atypical antipsychotic
agents for managing the positive symptoms of
schizophrenia is their occupancy of D, receptors.”®
Typical antipsychotic agents have a high propensity
to induce a range of unpleasant side effects, includ-
ing hypothermia, photosensitivity, sedation, and
muscle spasms. In particular, long-term treatment
with typical antipsychotic agents is associated with
the development of tardive dyskinesias and other
extrapyramidal side effects (EPS) that are thought to
be the result of prolonged blockade of striatal dopa-

From Vernalis Research Ltd., Wokingham, UK.

mine receptors.l® Atypical antipsychotic agents can
be differentiated from typical antipsychotic agents
based on having a lower propensity to elicit EPS and
in some cases improved efficacy in managing nega-
tive symptoms of the disease, such as flattened affect
and social withdrawal.’* It has been proposed that
the improved side effect profile of atypical antipsy-
chotic agents is a result of selective blockade of lim-
bic dopamine receptors or blockade of 5-HT,
receptors.i®13

By contrast, drugs that enhance dopaminergic
function, either by promoting neurotransmitter re-
lease, blocking its reuptake, or through postsynaptic
D, receptor activation, are psychotomimetic or ag-
gravate existing psychosis.’*'¢ Dopaminergic drugs
typically used to manage PD, such as the dopamine
precursor L-dopa and dopamine D, receptor agonists,
can lead to psychotomimetic side effects at higher
doses. These psychotomimetic side effects limit the
usefulness of some antiparkinson drugs in managing
symptoms during the later stages of PD and some-
times necessitate the introduction of concurrent anti-
psychotic drug treatment.'’

Evidence of antagonistic interactions between
adenosine A,, receptor and dopamine D, receptor
systems within the striatum has been extensively
reviewed elsewhere.’®5 The principal lines of evi-
dence supporting this interaction are 1) the discrete
colocalization of A,, and D, receptors on GABAergic
striatopallidal neurons; 2) the observation that stim-
ulation of striatal A,, and D, receptors has opposing
actions on pallidal GABA release; 3) the ability of
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A, receptor activation to reduce the affinity of dopa-
mine agonists for the D, receptor; 4) the observation
that dopamine depletion, dopamine receptor block-
ade, and A,, receptor activation produce similar pat-
terns of expression of immediate early genes such as
c-fos in striatopallidal neurons, whereas activation of
D, receptors has the opposite effect; and 5) the con-
trasting effects of Ay, receptor and D, receptor acti-
vation on locomotor activity and catalepsy in animal
studies.

Many of the actions of A,, receptor activation
mimic the effects of dopamine D, receptor blockade,
and as such, A,, receptor agonists may provide a
novel therapeutic approach for the management of
schizophrenia. This hypothesis prompts consider-
ation of whether A,, receptor antagonists, like D,
receptor agonists, may induce psychoses or may ex-
acerbate the psychotomimetic effects of dopamine
agonists used for the management of PD.

Role of A,, receptors in the ventral striatum.
The rationale for the use of A,, receptor agonists as
novel antipsychotic agents comprises neurochemical
evidence of heterogeneous A,,-D, receptor interac-
tions in dorsal and ventral regions of the striatum,
and behavioral data generated in rodent as-
says.+51819 Tt is well established that A,, receptors
play an important role in regulating the neuronal
activity of striatal GABAergic efferents, in particu-
lar, the enkephalin-containing neurons of the so-
called “indirect” striatopallidal pathway, where A,,
and D, receptors are colocalized. GABAergic striato-
pallidal neurons project from dorsal and ventral re-
gions of the striatum and are components of
anatomically and functionally differentiated circuit-
ry.5 The ventral striatum comprises the ventrome-
dial caudate putamen, olfactory tubercle, and
nucleus accumbens and receives dopaminergic affer-
ents principally from the ventral tegmental area and
glutamatergic input from the medial prefrontal cor-
tex, hippocampus, and amygdala. By contrast, the
dorsal striatum comprises the dorsolateral portion of
the caudate-putamen, which receives dopaminergic
afferents primarily from the substantia nigra pars
compacta and glutamatergic input from premotor ar-
eas of the neocortex. In addition, the dorsal and ven-
tral regions of the striatum have efferent projections
to the substantia nigra pars compacta and ventral
tegmental areas, respectively. Therefore, Ay, recep-
tors located on striatopallidal GABAergic efferents
could potentially regulate the activity of distinct cor-
ticobasal ganglia—cortical circuits whose striatal out-
put originates from either dorsal or ventral striatal
regions. The importance of this differentiation re-
lates to the functional role of dopamine in the dorsal
and ventral striatum. Dopamine receptors in the
ventral striatum and nucleus accumbens control ini-
tiation of appetitive and aversive instrumental be-
havior and are thought to mediate the therapeutic
effects of antipsychotic agents. By contrast, dopa-
mine receptors in the dorsal striatum play a promi-

nent role in facilitation and maintenance of
consummatory behavior and mediate expression of
stereotypies and catalepsy induced by D, receptor
activation or blockade, respectively.®%202% Therefore,
a drug that preferentially antagonizes ventral D, re-
ceptor function via an action on GABAergic striato-
pallidal efferents may have efficacy in managing
positive symptoms of schizophrenia with a low liabil-
ity to elicit EPS.5

Preclinical evidence from animal models. The
behavioral and neurochemical effects of intracere-
bral infusion of A,, receptor agonists provide evi-
dence for an atypical antipsychotic profile because
more powerful antagonistic A,,-D, receptor interac-
tions are apparent within the ventral striatum than
within the dorsal striatum.'®?* It has been recog-
nized for some time that A,, receptor agonists share
many of the behavioral properties of dopamine D,
receptor antagonists in rodents. For example, both
classes of compound reduce spontaneous locomotor
activity, attenuate the motor effects of the psycho-
stimulants amphetamine and phencyclidine (PCP)
and the dopamine receptor agonist apomorphine,
and induce catalepsy at higher doses or when in-
fused into the striatum.*5192527 The ability of novel
compounds to block amphetamine-, apomorphine-,
and PCP-induced motor stimulation is often used as
evidence of potential antipsychotic efficacy,'%2®
whereas induction of catalepsy is considered indica-
tive of potential for induction of EPS.?® The behav-
ioral profile of selective Ay, receptor agonists in
these assays is consistent with known antipsychotic
drugs. However, the literature is unclear as to
whether A,, agonists have the same propensity to
induce EPS as D, receptor antagonists, or possess an
atypical antipsychotic profile. Rimondini et al.* have
reported that CGS 21680 displays a profile similar to
clozapine, being more potent at reversing
amphetamine- and PCP-induced locomotor effects
than inducing catalepsy in rats. Similar findings
have been reported in primate studies, in which CGS
21680 was shown to reverse apomorphine-induced
stereotypy in dopamine agonist-sensitized Cebus
apella monkeys at doses that did not elicit EPS.%° In
contrast, studies comparing the potency of CGS
21680 to reduce locomotion and block apomorphine-
induced climbing with its ability to induce catalepsy
in rodents have concluded that the profile of CGS
21680 is similar to classic Dy receptor antagonists
rather than atypical antipsychotic agents.'®3! Mea-
sures of antipsychotic efficacy and catalepsy can be
confounded by nonspecific motor impairment. CGS
21680 potently inhibits locomotor activity when
given systemically, but it is not known whether this
effect is mediated by central or peripheral A, recep-
tor activation. Activation of peripheral A,, receptors
produces hypotension;* a sudden decrease in blood
pressure and the associated reflex tachycardia could
impair the ability of an animal to maintain a cata-
leptic posture or respond to a psychostimulant drug.
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Table Effects of adenosine receptor ligands on prepulse inhibition in rats

Results

Drug Dose* Rat strain

Caffeine, nonselective antagonist 10 S-D

Theophylline, nonselective 20-40 S-D

antagonist

KW-6002, A,, antagonist 0.1-30 S-D

CPA, A, agonist 0.05-0.5 Wistar

CGS-21680, A,, agonist 0.05 pg S-D
0.5 Wistar

No intrinsic effect on PPL#

Reduced PPI.# Potentiated APO (0.5 mg/kg) disruption of PPL
Effects on APO blocked by A; agonist but not by A,, agonist.*?

No intrinsic effect on PPL# No effect on disruption of PPI induced
by peregolide.®

No intrinsic effect on PPI (0.5 mg/kg). Dose dependently reversed
deficits in PPI induced by PCP (4 mg/kg s.c.).5?

No intrinsic effect on PPI. Reversed deficits in PPI induced by
APO (2 mg/kg i.p.).%

No intrinsic effect on PPI. No effect on deficits in PPI induced by
APO (1 mg/kg) or amphetamine (5 mg/kg). Reversed deficits in
PPI induced by PCP (4 mg/kg s.c.).%

*Doses are mg/kg unless otherwise indicated.

S-D = Sprague-Dawley; PPI = prepulse inhibition; APO = apomorphine; PCP = phencyclidine; s.c. = subcutaneous; i.p. = intraperitoneal.

Although systemically administered CGS 21680 has
been shown to block the effects of amphetamine and
PCP at different doses, the possibility that these ap-
parent antagonistic effects are a consequence of non-
specific rather than antipsychotic actions cannot be
entirely excluded. Some of these issues could be re-
solved by examining the profile of A,, receptor ago-
nists in more complex antipsychotic models that
assess attentional processes and do not depend on
simple measures of motor stimulation and
depression.

It is well established that patients with schizo-
phrenia show impairments in attention and cogni-
tion, which are linked to disruptions of sensorimotor
gating. Patients with schizophrenia appear to be un-
able to filter irrelevant or intrusive sensory informa-
tion and as a consequence may experience sensory
inundation or “flooding,” which impairs their ability
to discriminate and process salient information
within their environment.?® Prepulse inhibition (PPI)
of the startle reflex is an operational model of senso-
rimotor gating that measures attenuation of the
startle reflex elicited by a sudden intense stimulus
when it is preceded by a stimulus of weaker intensity
(a prepulse).3* Deficits in PPI are observed in pa-
tients with schizophrenia and with other conditions
in which sensorimotor gating is impaired, such as
Huntington’s disease, Tourette’s syndrome, and
obsessive-compulsive disorder. Psychotomimetic
drugs such as dopamine receptor agonists, amphet-
amine, and PCP also disrupt PPI in animals and
humans, effects that can be reversed by typical and
atypical antipsychotic drugs.?* PPI is not a model of
schizophrenia per se, but rather it is a measure of
the sensorimotor gating deficits observed in patients
with schizophrenia or induced by drugs, which can
be used to assess antipsychotic and psychotomimetic
drug effects.
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A number of studies have examined the effects of
adenosine A,, receptor activation on PPI (table). An
early report found that intra-accumbens infusion of
the selective A,, receptor agonist CGS 21680 had no
intrinsic effect on PPI but blocked the disruption of
PPI caused by the dopamine agonist apomorphine.®
In contrast, a later study that examined the effects of
a range of doses of CGS 21680 given systemically
observed no effect on apomorphine- or amphetamine-
induced disruptions of PPIL.* However, this study
reported that a high dose (0.5 mg/kg) of CGS 21680
attenuated the impairment of PPI caused by the
NMDA receptor antagonist PCP. The apparent dis-
crepancy between the effects of CGS 21680 given
directly into the nucleus accumbens and adminis-
tered systemically on apomorphine disruption of PPI
is also difficult to reconcile. The brain penetration of
CGS 21680 after systemic administration is not well
characterized. Although the ability of CGS 21680 to
reduce locomotor activity and baseline startle reflex
in these studies is interpreted by the authors as evi-
dence of central adenosine receptor activation, these
effects may be secondary to peripherally mediated
hypotension induced by the drug (see above). The
profile of CGS 21680 in the PPI model can be distin-
guished from that of typical and atypical antipsy-
chotic drugs by the failure of the Ay, receptor
agonist to block the effects of apomorphine and am-
phetamine. However, in parallel with atypical anti-
psychotic drugs such as clozapine and olanzapine,
CGS 21680 reverses NMDA receptor antagonist-
induced deficits in PPL.* It is important to note that
reversal of the effects of PCP by CGS 21680 was only
apparent at a dose of CGS 21680 that impaired loco-
motor activity and disrupted the baseline startle re-
flex. This confounds the interpretation of these
results because they may reflect motor impairment
induced by CGS 21680 rather than a specific
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Figure. Contrasting effects of apomor-
phine and KW6002 on prepulse inhibi-
tion of the acoustic startle reflex in
male Sprague-Dawley rats. Apomor-
phine (0.5 mglkg) significantly in-
creased startle reactivity and impaired
prepulse inhibition. By contrast,
KW6002 (1 to 10 mglkg) had no effect
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on either parameter. Testing consisted
of random presentation of either (A)
startle stimulus (120-dB tone for 40 ms)
or (B) a prepulse stimulus (76-dB tone
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for 20 ms) followed 100 ms later by the startle stimulus. Mean startle amplitudes for 12 startle trials [A] and 12 prepulse
trials [B] were determined for each animal, as was percentage prepulse inhibition (%PPI), using the formula (1 —
[B]/[A]) X 100. Data were analyzed using one-way analysis of variance. Apomorphine was administered subcutaneously
(0.5 mglkg in 0.01% ascorbate) 20 minutes before testing. KW6002 was administered intraperitoneally (1 to 10 mglkg in
8% Tween 80) 20 minutes before testing. *p < 0.05 vs vehicle treatment.

antipsychotic-like effect on sensorimotor gating.
However, the ability of A,, receptor activation to
reverse the behavioral effects of PCP in the PPI
model and in locomotor studies?* may reflect a spe-
cific interaction between A,, and NMDA receptors.
This interaction is further substantiated by evidence
that NMDA receptor antagonists reverse the cata-
lepsy produced by A, receptor activation.’” The
mechanism by which these two receptor systems in-
teract has not been established, but it may involve
effects on neurotransmitter release or receptor sig-
naling within the striatum. Direct infusion of A,,
receptor agonists enhances spontaneous outflow of
glutamate release in the striatum in young rats but
not in older rats.?®* It has also been postulated that
A,, receptors and NMDA receptors may share a
common signaling pathway at the level of the
striatum.*°

A number of studies have also characterized the
effects of selective Ay, receptor antagonists on PPL
Initial studies using the nonselective adenosine re-
ceptor antagonists caffeine and theophylline pro-
duced conflicting results. Caffeine had no effect on
PPI in a study that demonstrated a robust response
to amphetamine.’ However, a subsequent study
found that theophylline (10 mg/kg), at a dose that
had no intrinsic effect, potentiated the disruption to
PPI caused by a submaximal dose of apomorphine.
This effect appeared to be A; receptor mediated be-
cause it was abolished by coadministration of a selec-
tive A; agonist but not by a selective A,, agonist.®
The lack of effect of A, receptor blockade on PPI has
been confirmed in studies using the selective Agy
receptor antagonist KW6002. This compound was in-
active in PPI across a wide range of doses when
given alone (figure) and had no effect on the disrup-
tion of PPI induced by the D, receptor agonist
pergolide.*?

Clinical studies. There have been no reports to
date of the effects of selective A,, receptor agonists
or antagonists in patients with schizophrenia. There-
fore, clinical reports are limited to studies using non-

selective adenosine ligands. It is well established
that consumption of the nonselective adenosine an-
tagonist caffeine is high in patients with schizophre-
nia, and this has prompted a considerable effort to
establish whether a causal relationship exists be-
tween caffeine intake and schizophrenia.** Long-
term intake of high doses of caffeine can lead to a
condition called caffeinism, which is manifested as
increased anxiety, arousal, and increased risk of de-
pression in some patients.*’ Case reports of psychotic
symptoms such as paranoia and delusions after ex-
cessive caffeine intake are rare but do exist.* One
small double-blind, placebo-controlled study reported
a worsening of psychotic symptoms in patients with
schizophrenia after short-term administration of
high doses of caffeine, but this negative effect was
accompanied by improvements in mood and social
involvement.*” However, a number of other clinical
studies have failed to find a significant effect of caf-
feine intake on symptoms in this patient popula-
tion.®®% The lack of consensus regarding caffeine’s
effects on patients with schizophrenia suggests caf-
feine consumption is unlikely to contribute to the
manifestation of symptoms of the disorder. Further-
more, psychotropic doses of caffeine are widely con-
sumed in food substances and are generally well
tolerated.

Clinical experience of the effects of A,, receptor
activation is more limited because of the lack of se-
lective brain-penetrant adenosine receptor agonists.
The adenosine reuptake inhibitor dipyridamole,
which increases extracellular adenosine concentra-
tions by inhibiting its transport into cells, has been
examined in a small trial of 30 patients with schizo-
phrenia.® This double-blind study compared patients
receiving neuroleptic treatment alone (haloperidol 20
mg/d) with those receiving haloperidol (20 mg/d) plus
a dipyridamole supplement (75 mg/d) during an
8-week period. The study found that the combination
of dipyridamole and haloperidol was superior to hal-
operidol alone in reducing positive symptoms of
schizophrenia. The combination therapy had no ad-
ditional benefit over haloperidol alone in managing
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negative symptoms of the disorder and therefore
would appear to offer no advantage compared with
atypical antipsychotic drugs. This study did not ex-
amine the tolerability of the combined therapy of
dipyridamole and haloperidol for either cardiovascu-
lar side effects or EPS. The nonspecific pharmacol-
ogy of dipyridamole, which combines nonselective
adenosine receptor activation with potent inhibition of
several phosphodiesterases,’® also limits the conclu-
sions that can be drawn regarding the mechanism re-
sponsible for the effects of dipyridamole in this study.

Conclusions. There is a compelling neuroana-
tomic and neurochemical rationale for the involve-
ment of adenosine receptors in the etiology of
schizophrenia and in the induction of psychotomi-
metic effects induced by certain classes of psycho-
tropic drugs. Attempts to elucidate the potential for
central A,, receptor activation for the management
of schizophrenia using animal models have been
hampered by the nonspecific side effects and phar-
macokinetic properties of the available adenosine
ligands. These include motor impairment, hypoten-
sion, and poor brain penetration of Ay, receptor ago-
nists such as CGS 21680. Peripheral side effects may
also factor against the development of centrally act-
ing A,, receptor agonists for managing schizophre-
nia and related disorders. Irrespective of the
limitations imposed by side effects of A, receptor
agonists, the behavioral profile of CGS 21680 sys-
temically injected in the PPI paradigm was not con-
sistent with either D, receptor agonists or atypical
antipsychotic agents. Furthermore, unlike D, recep-
tor agonists, the Ay, receptor antagonist KW6002
had no intrinsic effect on PPI and failed to potentiate
the effects of D, receptor agonist pergolide. Data
from PPI studies suggest that A,, receptor antago-
nists are unlikely to induce psychotomimetic effects
when given alone or to exacerbate the psychotomi-
metic effects of dopamine agonists. These findings
are encouraging for the development of A,, receptor
antagonists to manage PD either as monotherapy or
in combination with dopamine agonists.5

References

1. Svenningsson P, Le Moine C, Fisone G, Fredholm BB. Distribution,
biochemistry and function of striatal adenosine A,, receptors. Prog
Neurobiol 1999;59:355-396.

2. Kanda T, Jackson MS, Smith LA, et al. Adenosine A,, antagonist: a
novel antiparkinsonian agent that does not provoke dyskinesia in par-
kinsonian monkeys. Ann Neurol 1998;43:507-513.

3. Richardson PJ, Kase H, Jenner PG. Adenosine A,, receptor antagonists
as new agents for the treatment of Parkinson’s disease. Trends Phar-
macol Sci 1997;18:338-344.

4. Rimondini R, Ferre S, Ogren SO, Fuxe K. Adenosine Ay, agonists: a
potential new type of atypical antipsychotic. Neuropsychopharmacology
1997,17:82-91.

5. Ferre S. Adenosine-dopamine interactions in the ventral striatum: im-
plications for the treatment of schizophrenia. Psychopharmacology
1997,;133:107-120.

6. George SR, Watanabe M, Di Paolo T, Falardeau P, Labrie F, Seeman P.
The functional state of the dopamine receptor in the anterior pituitary
is the high affinity form. Endocrinology 1985;117:690-697.

7. Strange PG. Antipsychotic drugs: importance of dopamine receptors for
mechanisms of therapeutic actions and side effects. Pharmacol Rev
2001;53:119-133.

§92 NEUROLOGY 61(Suppl 6) December 2003

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34,

35.

36.

317.

. Creese I, Burt DR, Snyder SH. Dopamine receptor binding predicts

clinical and pharmacological potencies of antischizophrenic drugs. Sci-
ence 1976;192:481-483.

. Seeman P. Atypical antipsychotics: mechanism of action. Can J Psychi-

atry 2002;47:27-38.

Jenner P, Marsden CD. Neuroleptics and tardive dyskinesia. In: Coyte
JT, Enna SJ, eds. Neuroleptics: Neurochemical, Behavioral and Clinical
Perspectives. New York: Raven Press, 1983:223-253.

Tandon R, Jibson MD. Efficacy of newer generation antipsychotics in
the treatment of schizophrenia. Psychoneuroendocrinology 2003;
28(suppl 1):9-26.

Westerink BH. Can antipsychotic drugs be classified by their effects on
a particular group of dopamine neurons in the brain? Eur J Pharmacol
2002;455:1-18.

Kapur S, Remington G. Atypical antipsychotics: new directions and
new challenges in the treatment of schizophrenia. Annu Rev Med 2001;
52:503-517.

Seeman P. Dopamine receptors and the dopamine hypothesis of schizo-
phrenia. Synapse 1987;1:133-152.

Wolters EC. Intrinsic and extrinsic psychosis in Parkinson’s disease.
J Neurol 2001;248(suppl 3):11122-27.

Hollister LE. Drug-induced psychiatric disorders and their manage-
ment. Med Toxicol 1986;1:428-448.

Wolters EC. Dopaminomimetic psychosis in Parkinson’s disease pa-
tients: diagnosis and treatment. Neurology 1999;52:510-13.

Ferre S, O’Connor WT, Snaprud P, Ungerstedt U, Fuxe K. Antagonistic
interaction between adenosine Ay, receptors and dopamine D, recep-
tors in the ventral striopallidal system. Implications for the treatment
of schizophrenia. Neuroscience 1994;63:765-773.

Kafka SH, Corbett R. Selective adenosine A,, receptor/dopamine D,
receptor interactions in animal models of schizophrenia. Eur J Pharma-
col 1996;295:147-154.

Robbins TW, Everitt B. Functions of dopamine in the dorsal and ven-
tral striatum. Semin Neurosci 1992;4:119-127.

Robertson GS, Fibiger HC. Neuroleptics increase c-fos expression in the
forebrain: contrasting effects of haloperidol and clozapine. Neuroscience
1992;46:315-328.

Salamone JD. The involvement of nucleus accumbens dopamine in ap-
petitive and aversive motivation. Behav Brain Res 1994;61:117-133.
Ogren SO. The behavioural pharmacology of typical and atypical anti-
psychotic drugs. In: Csernansky JG, ed. Handbook of Experimental
Pharmacology (Antipsychotics). Berlin: Springer, 1996:225-265.
Barraco RA, Martens KA, Parizon M, Normile HJ. Adenosine Ay, re-
ceptors in the nucleus accumbens mediate locomotor depression. Brain
Res Bull 1993;31:397-404.

Zarrindast MR, Modabber M, Sabetkasai M. Influences of different
adenosine receptor subtypes on catalepsy in mice. Psychopharmacology
1993;113:257-261.

Heffner TG, Wiley JN, Williams AE, Bruns RF, Coughenour LL, Downs
DA. Comparison of the behavioral effects of adenosine agonists and
dopamine antagonists in mice. Psychopharmacology 1989;98:31-37.
Rimondini R, Ferre S, Gimenez-Llort L, Ogren SO, Fuxe K. Differential
effects of selective adenosine A, and A,, receptor agonists on dopamine
receptor agonist-induced behavioural responses in rats. Eur J Pharma-
col 1998;347:153-158.

Javitt DC, Zukin SR. Recent advances in the phencyclidine model of
schizophrenia. Am J Psychiatry 1991;148:1301-1308.

Hoffman DC, Donovan H. Catalepsy as a rodent model for detecting
antipsychotic drugs with extrapyramidal side effect liability. Psychop-
harmacology (Berl) 1995;120:128-133.

Andersen MB, Fuxe K, Werge T, Gerlach J. The adenosine A,, receptor
agonist CGS 21680 exhibits antipsychotic-like activity in Cebus apella
monkeys. Behav Pharmacol 2002;13:639-644.

Hauber W, Munkle M. Motor depressant effects mediated by dopamine
D, and adenosine A,, receptors in the nucleus accumbens and the
caudate-putamen. Eur J Pharmacol 1997;323:127-131.

Nekooeian AA, Tabrizchi R. Effects of adenosine A,, receptor agonist,
CGS 21680, on blood pressure, cardiac index and arterial conductance
in anaesthetized rats. Eur J Pharmacol 1996;307:163-169.

Braff DL, Geyer MA, Swerdlow NR. Human studies of prepulse inhibi-
tion of startle: normal subjects, patient groups, and pharmacological
studies. Psychopharmacology (Berl) 2001;156:234-258.

Geyer MA, Krebs-Thomson K, Braff DL, Swerdlow NR. Pharmacologi-
cal studies of prepulse inhibition models of sensorimotor gating deficits
in schizophrenia: a decade in review. Psychopharmacology 2001;156:
117-154.

Hauber W, Koch M. Adenosine A,, receptors in the nucleus accumbens
modulate prepulse inhibition of the startle response. Neuroreport 1997;
8:1515-1518.

Sills TL, Azampanah A, Fletcher PJ. The adenosine A,, agonist CGS
21680 reverses the reduction in prepulse inhibition of the acoustic star-
tle response induced by phencyclidine, but not by apomorphine and
amphetamine. Psychopharmacology (Berl) 2001;156:187-193.

Hauber W, Munkle M. Stimulation of adenosine Ay, receptors in the
rat striatum induces catalepsy that is reversed by antagonists of
N-methyl-D-aspartate receptors. Neurosci Lett 1995;196:205-208.

N |




38.

39.

40.

41.

42.
43.

44.
45.

Popoli P, Betto P, Reggio R, Ricciarello G. Adenosine A2A receptor
stimulation enhances striatal extracellular glutamate levels in rats.
Eur J Pharmacol 1995;287:215-217.

Corsi C, Melani A, Bianchi L, Pepeu G, Pedata F. Striatal A2A adenosine
receptors differentially regulate spontaneous and K+-evoked glutamate
release in vivo in young and aged rats. Neuroreport 1999;10:687-691.
Nash JE, Brotchie JM. A common signaling pathway for striatal NMDA
and adenosine A2a receptors: implications for the treatment of Parkin-
son’s disease. J Neurosci 2000;20:7782-7789.

Bakshi VP, Geyer MA, Taaid N, Swerdlow NR. A comparison of the
effects of amphetamine, strychnine and caffeine on prepulse inhibition
and latent inhibition. Behav Pharmacol 1995;6:801-809.

Koch M, Hauber W. Regulation of sensorimotor gating by interactions
of dopamine and adenosine in the rat. Behav Pharmacol 1998;9:23-29.
Whawell E, Upton R, Mirza N, Wyatt A, Weiss SM. The effects of the
adenosine A,, receptor antagonist, KW-6002, on pre-pulse inhibition in
the rat. J Psychopharm 2001;515:A50.

Hughes JR, McHugh P, Holtzman S. Caffeine and schizophrenia. Psy-
chiatr Serv 1998;49:1415-1417.

Clementz GL, Dailey JW. Psychotropic effects of caffeine. Am Fam
Physician 1988;37:167-172.

46.

47.

48.

49,

50.

51.

52.

Mackay DC, Rollins JW. Caffeine and caffeinism. J R Nav Med Serv
1989;75:65-67.

Lucas PB, Pickar D, Kelsoe J, Rapaport M, Pato C, Hommer D. Effects
of the acute administration of caffeine in patients with schizophrenia.
Biol Psychiatry 1990;28:35—40.

Mayo KM, Falkowski W, Jones CA. Caffeine: use and effects in long-
stay psychiatric patients. Br J Psychiatry 1993;162:543-545.
Koczapski A, Paredes J, Kogan C, Ledwidge B, Higenbottam J. Effects
of caffeine on behavior of schizophrenic inpatients. Schizophr Bull 1989;
15:339-344.

Akhondzadeh S, Shasavand E, Jamilian H, Shabestari O, Kamalipour
A. Dipyridamole in the treatment of schizophrenia: adenosine-
dopamine receptor interactions. J Clin Pharm Ther 2000;25:131-137.
Soderling SH, Bayuga SJ, Beavo JA. Cloning and characterization of a
cAMP-specific cyclic nucleotide phosphodiesterase. Proc Natl Acad Sci
USA 1998;95:8991-8996.

Sills TL, Azampanah A, Fletcher PJ. The adenosine A, receptor agonist
N6-cyclopentyladenosine blocks the disruptive effect of phencyclidine
on prepulse inhibition of the acoustic startle response in the rat. Eur
J Pharmacol 1999;369:325-329.

December 2003 NEUROLOGY 61(Suppl 6) S93




Sleep regulation in adenosine A,,
receptor-deficient mice

Yoshihiro Urade, PhD; Naomi Eguchi, PhD; Wei-Min Qu, MD, PhD; Mie Sakata, PhD;
Zhi-Li Huang, MD, PhD; Jiang-Fan Chen, MD, PhD; Michael A. Schwarzschild, MD, PhD;
J. Stephen Fink, MD, PhD; and Osamu Hayaishi, MD, PhD

Adenosine in sleep regulation. Adenosine is
proposed to be an endogenous sleep-promoting sub-
stance based on the results of a variety of pharmaco-
logic and behavioral experiments.! For example,
sleep is induced in rats after administration of meta-
bolically stable adenosine analogues, such as
NS-L-(phenylisopropyl)-adenosine, adenosine-5'-N-
ethylcarboxamide, and cyclohexyladenosine,® which
are agonists for adenosine A; receptor (A;R) or Agy
receptors (A, Rs). Caffeine is considered to inhibit
sleep by acting as an antagonist of adenosine receptor.*
Adenosine content is increased in the basal forebrain,
one of the sleep centers, after sleep deprivation and is
proposed to be a sleep substance accumulating in the
brain during prolonged wakefulness.> Most previous
studies on sleep regulation by adenosine have focused
on the A;R-mediated pathway'® because AR is widely
distributed in the CNS, whereas A,,R is localized
mainly in the striatum, nucleus accumbens, and olfac-
tory bulb. However, we found that Ay,R is also impor-
tant in sleep regulation by using several A;R and A, R
agonists, including N6-cyclopentyladenosine (CPA) and
2-(4-(2-carboxyethyl)phenylethylamino)-adenosine-5'-
N-ethylcarboxamideadenosine (CGS 21680).7'* CGS
21680 is highly selective for the Ay R (K; = 14 nmol/L),
having a much lower affinity for the A;R (K| = 2,600
nmol/L), whereas CPA is selective for the AR (K; =
0.6 nmol/L) and has a lower affinity for the AjsR
(K; = 462 nmol/L).}314

Effects of A,,R agonists and antagonists on
sleep regulation in rats. We investigated the
molecular mechanism of induction of non-REM
(NREM) sleep by prostaglandin (PG) D,, which is
also known as a potent endogenous sleep-promoting
substance.'51” In the course of this study, Satoh et
al.” found that PGDy-induced NREM sleep, which is
also termed slow-wave sleep, was inhibited by pre-
treatment of rats with A,,R antagonist KF17837
and also demonstrated that A,,R agonist CGS 21680
induced NREM sleep and REM sleep, which is also
termed paradoxical sleep or active sleep. These results
taken together indicated that A,,R is involved in the
PGD,-induced sleep and probably also in the regula-
tion of physiologic sleep. Induction of NREM and REM

sleep was also observed using other A, R-selective ago-
nists, such as 2-(4-(2-(2-aminoethylaminocarbonyl)
ethyl) phenylethylamino)-5'-N-ethylcarboxamidoaden-
osine (APEC) or A,/A,xR-nonselective agonist 5'-N-
ethylcarboxamidoadenosine (NECA).2® In contrast,
A,R-selective agonists, such as cyclohexyladenosine
and CPA, were almost completely inactive for sleep
induction.”® The sleep-promoting potency of CGS
21680 varied depending on the infusion location: the
most effective site was the subarachnoid space of the
rostral basal forebrain.!® Subarachnoid infusion of CGS
21680 (from 0.02 to 20 pmol/min) to this region for 6
hours during the night (the active period of rats) in-
duced NREM and REM sleep in a dose-dependent
manner.™ When CGS 21680 was infused at a flow rate
of 20 pmol/min for 86 hours, it induced sleep remark-
ably during the first night but became ineffective 18
hours after the beginning of infusion.!! Instead, contin-
ued CGS 21680 infusion resulted in a rebound of wake-
fulness, and rats showed almost complete insomnia
during the first and second days after infusion, proba-
bly because of desensitization of A;yR."

Sleep regulation in A;,R knockout mice. To
further explore the involvement of adenosine recep-
tor subtypes in sleep regulation, we compared sleep
regulation between wild-type mice and Ay,R knock-
out mice®® of the inbred C57BL/6 strain. Typical re-
sults are shown in figures 1 and 2. When CGS 21680
was infused into the lateral ventricle of wild-type
mice at 1 pmol/min for 6 hours (8 pM to 2 aAm), it
increased the amount of NREM sleep by 160% and
REM sleep by 180% as compared with the baseline
day (see figure 1A). When the infusion rate was in-
creased to 5 pmol/min, the amount of NREM sleep
was increased 230% and REM sleep was increased
220%. Although the binding affinity of CPA for A;R
is higher than that of CGS 21680 for A,4R, the ad-
ministration of CPA to wild-type mice did not alter
the amounts of NREM and REM sleep (see figure
1B). These results suggest that activation of A,sR,
but not of A R, is involved in the sleep-promoting
effect of adenosine in wild-type mice.

Figure 2 shows the sleep-stage distribution of
A,,R knockout mice before and after infusion with
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for continuous infusion of drugs into
the lateral ventricle, as reported previ-
ously.” After a 10-day recovery period,
the mice were placed in experimental
cages for adaptation, and the continu-
ous infusion of saline solution into the
lateral ventricle was commenced at a
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speed of 1 uL/h. After an acclimation
period of 4 days, sleep-wakefulness

states were monitored for 2 days, i.e.,
baseline and experimental days. CGS

21680 and CPA were administered between 8 M and 2 aM, indicated by horizontal shaded bars on the experimental day.
Open and closed circles stand for the baseline and experimental day profiles, respectively. The EEG/EMG signals were
recorded, and the vigilance states were classified by 4-second epochs into NREM, REM, and wakefulness using the
“SleepSign” program (Kissei Comtec, Nagano, Japan). Each circle represents 2-hour amounts of NREM, REM, and wake-
fulness. Values are mean + SEM (n = 6 in each group). **p < 0.01; *p < 0.05 by paired t-test.

CGS 21680 or CPA at an infusion rate of 5 pmol/min.
During basal conditions, A,sR knockout mice showed
clear circadian variations of sleep-stage distribution
similar to wild-type mice, with a decrease in sleep
during the dark period and an increase during the
light period. When CGS 21680 was infused into the
lateral ventricle of A, R knockout mice, the sleep-
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stage distribution was essentially unchanged (see
figure 2A). These results demonstrate that genetic
depletion of the A, R completely abolishes the sleep-
promoting effect of CGS 21680, in agreement with
the high selectivity of CGS 21680 for A,,R. When
CPA was administered (5 pmol/min} to A,,R knock-
out mice, the profile of their sleep-stage distribution
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was unchanged (see figure 2B). These results sug-
gest that the genetic deficiency of AyxR is not com-
pensated by A;R in terms of sleep regulation.

PGD,-induced sleep and rebound sleep after
sleep deprivation of A;,R knockout mice. In
earlier experiments, when PGD, was infused into
the lateral ventricle of wild-type mice at a dose of 50
pmol/min for 6 hours during the night, it induced an
increase in NREM sleep beginning the first hour af-
ter starting the infusion and persisting until 4 hours
postinfusion. During the period from 3 hours after
starting the infusion to 4 hours after ending the in-
fusion, total NREM sleep time was increased to al-
most the maximum level observed during the day
with normal conditions.2 The PGD, infusion also
caused a D type of prostanoid (DP) receptor-
dependent increase in the extracellular adenosine
concentration in the subarachnoid space of the basal
forebrain.?® To clarify the involvement of A;,R in
PGD,-induced sleep, we infused PGD,, into the lat-
eral ventricle of A,,R knockout mice at a dose of 50
pmol/min for 6 hours during the night and deter-
mined the amounts of NREM and REM sleep. Dur-
ing the 6-hour infusion and continuing for 4 hours
postinfusion, PGD, induced an increase in NREM
sleep in A,,R knockout mice of approximately 40% of
the baseline day levels. This increase was signifi-
cantly less than that seen in PGDy-infused wild-type
mice, in which time spent in NREM sleep increased
to 90% of the baseline day level, indicating that the
AR deficiency attenuates the somnogenic effect of
PGD, but that PGD,-induced sleep is partially inde-
pendent of AjxR.

PGD,, is also involved in the homeostasis of
NREM sleep after sleep deprivation because NREM
sleep rebound after sleep deprivation was sup-
pressed in PGD synthase knockout mice.?» We then
analyzed the recovery sleep after sleep deprivation of
wild-type and A,,R knockout mice for 6 hours. Wild-
type mice showed remarkably increased amounts of
NREM and REM sleep during the recovery period for
6 hours after sleep deprivation,?® whereas the Aj, R
knockout mice did not show such a clear rebound in
the amount of NREM sleep, suggesting that Ay,R is
also essential for NREM sleep rebound after sleep
deprivation.

Conclusion and implications for the therapeu-
tic use of A,, antagonists for PD. A,,R is in-
volved in the regulation of NREM and REM sleep
because infusion of A,,R agonist CGS 21680 into the
lateral ventricle increased the amounts of NREM
sleep and REM sleep in wild-type mice but not at all
in the A,,R knockout mice. In contrast, A;R agonist
CPA did not affect the sleep profile in either wild-
type mice or A;uR knockout mice, suggesting that
A 4R is the main adenosine receptor subtype in-
volved in mediating the sleep-promoting effect of
adenosine. The amounts of PGD,-induced NREM
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sleep and NREM sleep rebound after sleep depriva-
tion were significantly lower in A,,R knockout mice
than in wild-type mice, indicating that A,,R is also
important for the somnogenic effect of PGD, and
NREM sleep homeostasis after sleep deprivation. To-
gether, these results support an important role of
A,, receptors in sleep regulation and encourage the
development of A,, agonists as potential somnogenic
drugs and A,, antagonists as potential arousal
agents. In addition, these findings highlight the need
to carefully monitor the sleep-modifying effects of
A,, antagonists as they are evaluated for their ther-
apeutic potential for the management of Parkinson’s
disease.
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Industry forum: Progress in pursuit of
therapeutic A,, antagonists

The adenosine A,, receptor selective antagonist KW6002:
Research and development toward a novel nondopaminergic
therapy for Parkinson’s disease

Hiroshi Kase, PhD

Abstract—Research and development of the adenosine A,, receptor selective antagonist KW6002 have focused on
developing a novel nondopaminergic therapy for Parkinson’s disease (PD). Salient pharmacologic features of KW6002
were investigated in several animal models of PD. In rodent and primate models, KW6002 provides symptomatic relief
from parkinsonian motor deficits without provoking dyskinesia or exacerbating existing dyskinesias. The major target
neurons of the A,, receptor antagonist were identified as GABAergic striatopallidal medium spiny neurons. A possible
mechanism of A,, receptor antagonist action in PD has been proposed based on the involvement of striatal and pallidal
presynaptic A,, receptors in the “dual” modulation of GABAergic synaptic transmission. Experiments with dopamine D,
receptor knockout mice showed that A,, receptors can function and anti-PD activities of Ay, antagonists can occur
independent of the dopaminergic system. Clinical studies of KW6002 in patients with advanced PD with L-dopa-related
motor complications yielded promising results with regard to motor symptom relief without motor side effects. The
development of KW6002 represents the first time that a concept gleaned from A,, biologic research has been applied
successfully to “proof of concept” clinical studies. The selective A,, antagonist should provide a novel nondopaminergic
approach to PD therapy.

NEUROLOGY 2003;61(Suppl 6):S97-5100

Since KW6002 was identified as a potent and selec-
tive antagonist for adenosine A,, receptors in the
early 1990s, research and development of the com-
pound have focused on its potential utility and ad-
vantages as a novel nondopaminergic therapy for the
management of Parkinson’s disease (PD).! A number
of animal models of PD were used to evaluate its
efficacy, side effects, and characteristic features as
differentiated from dopaminergic drugs. Physiologic
and pathophysiologic functions of A,, receptors were
intensively studied in the basal ganglia~thalamocor-
tical circuits in terms of behavioral control to provide
basic concepts for the development of A,, antago-
nists for PD.1?

Biochemical studies. The original adenosine re-
ceptor antagonists were xanthines such as caffeine and
theophylline,® which have little or no selectivity for
adenosine receptor subtypes or phosphodiesterases.
The xanthine derivative KF17837 [(E)-1,3-dipropyl-8-
(3,4-dimethoxystyryl)-7-methyl-3,7-dihydo-1H-purine-
2,6-dione] was synthesized, and its biochemical and
pharmacologic properties were identified as the first
adenosine A,, “selective” antagonist.+® Subsequently,
the diethyl analog KW6002 [(E)-1,3-diethyl-8-(3,4-
dimethoxystyryl)-7-methyl-3,7-dihydo-1H-purine- 2,6-
dione] was found to be similar to KF17837 in Ay,

From Kyowa Hakko Kogyo Co. Ltd., Tokyo, Japan.

receptor binding but with a much improved pharmaco-
logic profile in vivo.}” Consequently, KW6002 had high
affinity for A,, receptors in rats and humans with K;
values of 2.2 and 12 nmol/L, respectively.® The selectiv-
ity for A,, receptor over A; receptors was 60-fold in
rats and 800-fold in humans. It showed little or no
affinity (IC5, >10 pmol/L) for subtypes of dopamine,
noradrenaline, serotonin, and acetylcholine receptors.
[**C] KW6002 administered orally was selectively dis-
tributed in striatum, nucleus accumbens, olfactory tu-
bercle, and globus pallidus,? all brain areas where Ay,
receptors are enriched.'®!

Animal model studies. Studies with animal mod-
els of PD revealed nondopaminergic features of
KW6002. In rodent models of PD, KW6002 showed
anti-PD activities as follows:

1. It prominently attenuated the neuroleptic-
induced catalepsy in mice and rats.!?

2. It antagonized akinesia in 1l-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-treated mice.*?

3. It potentiated and prolonged the duration of
apomorphine-induced turning behavior in
6-hydroxydopamine (6-OHDA)-treated rats.!
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In MPTP-treated common marmosets (Callithrix
Jjacchus), orally administrated KW6002 showed
symptomatic relief of PD as follows:

1. It modestly increased locomotor activity coupled
to a significant reversal of motor disability.!*

2. Abnormal movement such as stereotypy, nau-
sea or vomiting, or other obvious peripheral
side effects did not accompany the effect.!

3. It potentiated the antiparkinsonian effects of
L-dopa without exacerbating its dyskinesia-
inducing action.'

4. It did not provoke dyskinesia in MPTP-treated
marmosets previously exposed to L-dopa, which
have dyskinesia in response to all dopaminergic
drugs.™

5. It did not exhibit tolerance or tachyphylaxis af-
ter long-term treatment.

6. It produced additive effects of anti-PD activity
when administered in combination with L-dopa
or dopamine agonists.®

These results with MPTP-treated marmosets were
reproduced with MPTP-treated cynomolgus monkeys
(Macaca fascicularis).’® In particular, KW6002 led to
mild symptomatic improvement in PD symptoms
coupled with an inability to provoke established dys-
kinesias. These studies showed that KW6002 had
biochemical and pharmacologic properties distinct
from dopaminergic agents such as L-dopa and dopa-
mine agonists.

A,, receptor-mediated mechanisms. Using
whole-cell patch-clamp recording in brain slices!™®
and in vivo microdialysis methods,?® the major target
neurons of A,, receptor-mediated modulation were
identified as GABAergic striatopallidal medium
spiny neurons (MSNs).! These striatal projection
neurons may receive A,, receptor-mediated regula-
tion in two distinct modes. The main loci of this
adenosine A,, receptor-mediated dual modulation in
the striatopallidal system!?! are as follows. 1) In the
striatum, A,, receptors control excitability of the
projection neurons through the intrastriatal
GABAergic feedback and feed-forward inhibition net-
work.!” Major elements regulating the excitability of
MSNs in the striatum are GABAergic inputs, which
come from axon collaterals of the MSNs themselves
and GABAergic interneurons. A,, receptors on the
axon terminals of these GABAergic neurons sup-
press GABA release, resulting in an increase in MSN
excitability via relief of intrastriatal GABAergic in-
hibitory inputs onto the MSNs. This A,, receptor-
mediated modulation is further postulated to be
involved in information processing within the stria-
tum.?’ 2) In the globus pallidus (GP), A, receptor
activation enhances GABA release from nerve termi-
nals and may suppress excitability of GP projection
neurons, which project to the subthalamic nucleus
(STN).2® This enhancement is mediated by a sequen-
tially activated cyclic adenosine monophosphate
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. (cAMP)-dependent cascade, which triggers GABA re-

lease by a calcium-independent mechanism.®

This “dual modulation” via presynaptic Ay, recep-
tors in the striatum and GP is involved in the anti-
parkinsonian activities of A,, receptor antagonists
(figure).! In PD and MPTP-treated primates, after
destruction of the nigrostriatal dopaminergic path-
way, the most relevant alteration is hyperactivity in
the striatopallidal pathway. Such hyperactivity is at-
tributed to an imbalance between the direct stria-
tonigral pathway and the indirect striatopallidal
pathway and gives rise to the parkinsonian state
(see figure, middle).?>?3 Note that A,, receptors are
specifically expressed on a subpopulation of MSNs,
the striatopallidal MSNs, but not on the striatoni-
gral MSNs.!12¢ Therefore, Ay, receptor antagonists
selectively block the dual modulation mechanism in
the striatopallidal system, leading to suppression of
excessive activation in the striatopallidal MSNs (see
figure, right). This may shift the striatopallidal/
striatonigral neuronal imbalance toward the normal
state, resulting in recovery of motor function.

The effect of A,, antagonists is independent of
dopamine D, receptors,? which are colocalized with
A,, receptors in striatopallidal MSNs.? D, receptor
knockout mice (D,R”) presented a locomotor pheno-
type with analogies to PD and significantly altered
levels of neuropeptide genes expressed in striatal
MSNs.2” No difference in the distribution and level of
expression of Ay, receptor mRNA and the binding
properties of the receptor was found between D,R™”
and wild-type mice, indicating that the absence of D,
receptor had no influence on A,, receptor proper-
ties.?> Blockade of Ay, receptors with KW6002 re-
established locomotor activity and coordination of
movement in D,R”" mice and decreased the levels of
striatal enkephalin expression to those in normal
mice.?s The results indicate that A,, and D, recep-
tors have antagonistic but independent activities in
controlling neuronal and motor function in the basal
ganglia. Independent functioning of A,, receptors
was confirmed by studies using Ay, and D, receptor
knockout mice.?

Clinical studies. Based on the foregoing biologic
research, we proposed the following clinical develop-
ment concept for KW6002:

Adenosine A,, receptor selective antagonist for
PD therapy.

Effective for monotherapy and combination
therapy.

Provide a novel nondopaminergic drug therapy.

A dopamine replacement strategy, using the dopa-
mine precursor L-dopa, has been the most widely
used therapy for PD and provides a dramatic benefit
to virtually all patients. However, long-term use of
L-dopa is often accompanied by motor complications,
including involuntary movements associated with
the drug’s peak effects (peak-dose dyskinesia) and
shortening of the therapeutic response (wearing-off).
Once established, motor complications are not typi-
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Figure. Schematic of the proposed mechanism of antiparkinsonian activity of Ay, receptor antagonists via the dual mod-
ulation of striatopallidal medium spiny neurons. (A) Normal condition, (B) Parkinson’s disease (PD), and (C) treatment
with Ay, antagonists in PD. (A) In the normal condition, inhibitory input from the striatonigral direct pathway and dis-
inhibitory input along the striatopallidal indirect pathway are well balanced. At the striatal level, dopamine appears to
facilitate transmission along the direct pathway and inhibit transmission along the indirect pathway; these two opposite
effects are mediated by dopamine D, and D, receptors, respectively. Adenosine provides facilitatory control over the indi-
rect pathway via adenosine Ay, receptors in the striatum and globus pallidus (GP) by the dual modulation mechanism.
(B) Degeneration of nigrostriatal dopaminergic neurons depletes striatal dopamine in PD. The loss of striatal dopamine is
thought to disinhibit striatal spiny projection neurons at the origin of the indirect pathway, which leads to a marked sup-
pressed activity of the GP and therefore disinhibition of the subthalamic nucleus (STN). The resulting imbalance between
the activity in the direct and indirect pathways leads to the alterations in the internal GP (GPi) and substantia nigra
pars reticulata (SNr). Bradykinesia and akinesia observed in PD are postulated to result from increased GABAergic inhi-
bition of thalamic neurons, owing to excessive excitatory drive from the STN to the GPi and SNr. (C) A, antagonists
block the dual modulation of the striatopallidal medium spiny neurons by adenosine, resulting in recovery of GP activity.

This relieves excessive excitatory drive from the STN to the GPi and SNr, thereby normalizing the balance between the

direct and indirect pathways.

cally controlled with manipulation of L-dopa and
other dopaminergic drugs. Features of A,, biology
derived from KW6002 studies in animal models and
its action mechanism suggested that its clinical de-
velopment could offer a preferable nondopaminergic
alternative for the control of L-dopa-related motor
complications.

Two placebo-controlled, double-blind, “proof of
concept” studies of KW6002 were conducted in pa-
tients with advanced PD and L-dopa-related motor
response complications such as wearing-off and
peak-dose dyskinesia by the Kyowa 6002-US-001
study group and by Dr. Chase at the National Insti-
tutes of Health, both sponsored by Kyowa Pharma-
ceutical Inc., USA (see Chase et al., page S107).2930
Both studies demonstrated the following features of
KW6002;

KW6002 was well tolerated.

Off time was significantly reduced compared with
placebo.?®

KW6002 potentiated the antiparkinsonian re-
sponse at a low dose of infused L-dopa.®

Dyskinesia severity was unchanged?; or reduced
compared with optimal dose of L-dopa.?

Studies with KW6002 are ongoing to validate its
therapeutic efficacy, safety, advantages, and benefits
to patients with PD.

In conclusion, the adenosine A,, receptor selective
antagonist KW6002 has been developed as a novel
nondopaminergic drug for the management of PD. In
particular, therapeutic efficacy and potential advan-
tages of the Ay, antagonist have been demonstrated,
for the first time, in proof of concept studies for pa-
tients with advanced PD and L-dopa motor complica-
tions. It may be effective in extending relief for the
debilitating symptoms of PD by reducing off time
and other complications associated with existing
treatments, like dyskinesia. For the mechanism of
action of A,, antagonists in PD, involvement of
adenosine A,, receptor-mediated dual modulation in
the striatopallidal system has been proposed. Ad-
enosinergic function via A,, receptors, which can
work independently of the dopaminergic system,
may play a critical role in the physiology and patho-
physiology of the basal ganglia.

Finally, neuroprotective effects of KW6002 should
be noted. Protective effects of KW6002 against dopa-
minergic neurodegeneration have been demon-
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strated in 6-OHDA-lesioned rats and MPTP-treated
mice.?! The results imply that adenosine A,, recep-
tor antagonists not only have an advantage in the
symptomatic treatment of patients with PD but also
have a therapeutic potential to delay or stop disease
progression.
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Discovery of nonxanthine adenosine A,,
receptor antagonists for the treatment of
Parkinson’s disease

S.M. Weiss, PhD; K. Benwell, BSc; L.A. Cliffe, PhD; R.J. Gillespie, PhD; A.R. Knight, PhD;
J. Lerpiniere, MSc; A. Misra, BSc; R.M. Pratt, PhD; D. Revell, MSc; R. Upton, MSc; and
C.T. Dourish, PhD, DSc

Abstract—During a program to investigate the biochemical basis of side effects associated with the antimalarial drug
mefloquine, the authors made the unexpected discovery that the (-)-(R,S)-enantiomer of the drug is a potent adenosine A,
receptor antagonist. Although the compound was ineffective in in vivo animal models of central adenosine receptor
function, it provided a unique nonxanthine adenosine A,, receptor antagonist lead structure and encouraged the initiation
of a medicinal chemistry program to develop novel adenosine A,, antagonists for the management of Parkinson’s disease
(PD). The authors have synthesized and screened more than 2,000 chemically diverse and novel adenosine A,, antago-
nists. Early examples from two distinct chemical series are the thieno(3,2-dylpyrimidine VER-6623 and the purine
compounds VER-6947 and VER-7835, which have high affinity at adenosine A,, receptors (K; values 1.4, 1.1, and 1.7
nmol/L, respectively) and act as competitive antagonists. In particular, VER-6947 and VER-7835 demonstrate potent in
vivo activity reversing the locomotor deficit caused by the D, receptor antagonist haloperidol, with minimum effective
doses comparable with that of KW6002 (0.3 to 1 mg/kg). In conclusion, the authors have discovered potent, selective, and

in vivo active nonxanthine adenosine A,, antagonists that have considerable promise as a new therapy for PD.

NEUROLOGY 2003;61(Suppl 6):5101-5106

From malaria to a new class of A,, antagonists.
The endogenous neuromodulator adenosine plays an
important role in regulating a number of physiologic
functions within the nervous system. In the CNS,
adenosine is colocalized with a variety of neurotrans-
mitters in presynaptic terminals from which it is
released after depolarization to modulate neuronal
activity.! Adenosine binds to specific cell surface G
protein-coupled receptors, which have been classified
into four distinct subtypes: A;, Aga, Agp, and Ag28 A,
receptors are widely distributed throughout the
brain, where they regulate neurotransmitter release
and neuronal firing by activating potassium chan-
nels. In contrast, the distribution of A,, receptors is
heterogeneous with high levels of expression in the
nucleus accumbens, olfactory tubercle, and striatum,
where A,, receptors colocalize with dopamine D, re-
ceptors.*® When considered with the important role
of dopamine in the control of motor activity and in
the etiology and management of Parkinson’s disease
(PD), this observation suggested that adenosine A,y
receptors could be a novel target for drugs to manage
movement disorders.* There is now accumulating
preclinical and clinical evidence that A,, antagonists
may provide a novel therapy for PD with a lower risk
of dyskinesias.®®

Mefloquine (Lariam, Roche Pharmaceuticals, Nutley,
NJ; (R*,S8*)-(+)-a-2-piperidinyl-2,8-bis(trifluoromethyl)-4-

From Vernalis Research Ltd., Wokingham, UK.

quinolinemethanol) is an antimalarial drug chemi-
cally related to quinine that is effective against
multidrug resistant strains of Plasmodium falcipa-
rum, the protozoan parasite responsible for malaria.
Although generally well tolerated, a number of clini-
cal reports have emerged that suggest that meflo-
quine is associated with infrequent but severe
neuropsychiatric side effects, which include dis-
turbed sleep, heightened anxiety, panic attacks, de-
pression, psychosis, and seizures.®!* The mechanism
responsible for these effects is not known.

Mefloquine is an asymmetric molecule that is mar-
keted as a racemic mixture consisting of equal parts of
(-)-(R,S)-mefloquine and (+)-(S,R)-mefloquine enanti-
omers (figure 1).!® Both enantiomers are reported to
possess equal antimalarial potency against P. falcipa-
rum in vitro’ and have been shown to penetrate the
brain.’51? Therefore, either one or both of the enanti-
omers could account for the adverse CNS effects of
the racemate. In an attempt to identify the mecha-
nism responsible for the neuropsychiatric effects of
mefloquine, both enantiomers were assessed in a se-
ries of receptor binding, enzyme, and functional
tests. In addition, mefloquine enantiomers were as-
sessed for overt in vivo behavioral effects in rats
after short- and long-term dosing.

Unexpectedly, the results of these studies re-
vealed that the (-)-(R,S)-enantiomer of mefloquine is

Address correspondence and reprint requests to Dr. Scott M. Weiss, Vernalis Research, Oakdene Court, 613 Reading Road, Wokingham, RG41 5UA, UK;
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Dr. Dourish reported equity or ownership in Vernalis in excess of $10,000/year.

Copyright © 2003 by AAN Enterprises, Inc. $101




Ne

H

e

HO.. /L j

~ Lnh \

‘\7 J\N//LCF \’ P> P
F

s ¥ N7 CF,
CF, CF,

(+)-(S, R)-mefloquine

=\ =\ ==\

N, .8 %, 0 2,0

x> N x> N x>
N i N N
| & o
\/LN’A - <N)\N//\NH <N/J\N//\NH
N ' - z
N - \o N~ \O
j /
O
2o -0
VER-6623 VER-6947 VER-7835

Figure 1. Chemical structures of the (+)-(S,R) and (-)-
(R,S)-enantiomers of mefloquine and the Vernalis Ay, re-
ceptor antagonists VER-6623, VER-6947, and VER-7835.

a potent and moderately selective Ay, antagonist. In
an initial examination of the effects of mefloquine on
81 receptors and enzymes, the only significant inter-
action identified was displacement of high-affinity
binding to bovine striatal adenosine receptors. In
subsequent binding studies using membranes from
cells expressing human adenosine receptor subtypes,
(-)-(R,S)-mefloquine was found to possess high affin-

ity for A; and A,, receptors, with K| values of 255
and 61 nmol/L, respectively, and limited affinity for
either the Ay,p or A, receptor subtypes (K; >6 pmol/
L). The binding profile of racemic mefloquine was
comparable with that of (-)-(R,S)-mefloquine,
whereas (+)-(S,R)-mefloquine was found to have low
affinity for adenosine receptors (table). Functional
activity was determined in cells by assessing Ca2*
mobilization using a fluorescence imaging plate
reader (FLIPR).!® Because activation of adenosine re-
ceptors does not produce a Ca®' signal, cell lines
that coexpress adenosine receptors and the promis-
cuous G protein Ga,; were employed for use in
FLIPR. In FLIPR studies, (-)-(R,S)-mefloquine and
racemic mefloquine were found to be competitive an-
tagonists. Schild analysis revealed pA, values at the
A, 4 receptor of 6.96 for (-)-(R,S)-mefloquine and 6.61
for racemic mefloquine, whereas at the A, receptor,
these compounds were found to possess pA, values of
6.40 and 6.21, respectively.

However, (-)-(R,S)-mefloquine was ineffective in in
vivo animal models, and intracerebral microdialysis
studies revealed that this was probably because of
the poor ability of the compound (which is highly li-
pophilic) to partition to the extracellular compartment
and bind to receptors on the cell surface. Nevertheless,
this discovery provided a unique nonxanthine A,, an-
tagonist lead structure; therefore, we initiated a me-
dicinal chemistry program to develop novel A,,
antagonists for the management of PD.

Table Comparison of the binding affinities of ZM-241385, SCH-58261, and KW-6002 with mefloquine and its enantiomers and novel
compounds arising from the Vernalis Ay, receptor antagonist program

hAsp
[°*H]-ZM241385
20 nmol/L

hA;
[*?5T]-ABMECA
0.05 nmol/L

Receptor hA,, hA,
Radioligand [®H]-CGS21680 (®H]-DPCPX
Ligand Concentration 20 nmol/L 4 nmol/L
Compound

7ZM-241385 1.56 = 0.10 774 + 68.3 (496)
SCH-58261 4.98 + 1.29 725 + 525 (145)
KW-6002 35.9 £ 4.76 2,830 = 663 (79)
racemic mefloquine 104 = 19 675 + 167 (6)
(+)-(S,R)-mefloquine 6,553 + 1,122 14,044 + 3,533 (2)
(=)-(R,S)-mefloquine 61*6 255 + 19 (4)
VER-6409 2.3 +0.0 366 = 40 (156)
VER-6440 36+03 448 + 55 (123)
VER-6489 1.3+ 0.6 303 + 33 (227)
VER-6623 1.4*+03 208 + 15 (151)
VER-6947 1.1+0.2 17 + 3 (15)
VER-7130 1.2+03 70 = 3 (57)
VER-7146 2.2 +0.0 231 + 26 (104)
VER-7448 3204 518 + 24 (164)
VER-7835 1.7+0.2 170 + 24 (99)
VER-8177 3.8+086 2,299 * 31 (598)

75.3 + 4.17 (48)
1,115 + 186 (224)
1,801 *+ 451 (50)
8,219 + 4,079 (79)

26,995 + 14,625 (4)
7,072 = 3,409 (116)
1,560 = 78 (665)
1,831 = 307 (503)
1,032 + 55 (773)

865 + 150 (629)

112 = 22 (100)

202 + 10 (164)
2,156 + 428 (975)
2,408 + 21 (764)

141 = 55 (81)
2,313 + 27 (602)

743 * 43.8 (476)

1,205 * 313 (242)
> 3,000 (>84)

6,377 = 1,794 (61)
5,883 = 1,618 (1)
6,941 = 2,159 (114)
1,759 * 32 (750)
1,741 + 323 (478)
2,083 = 10 (1,560)

476 = 47 (346)
1,472 + 142 (1,307)
2,375 = 38 (1,925)
1,958 + 236 (886)
1,584 + 245 (503)
1,931 *+ 151 (1,116)
2,883 = 1 (750)

Assays used human receptors stably expressed in cell lines. Values represent mean K; *+ SEM of at least three values. For A, Asy,
and A, receptors, the numbers in parentheses are selectivity ratios for the A,, receptor.
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Discovery of novel nonxanthine A,, antago-
nists. Chemistry strategy. The initial aims of the
medicinal chemistry program were to increase selec-
tivity for the A,, receptor and to discover novel com-
pounds with improved physicochemical properties
and in vivo activity.

The design of novel ligands was facilitated by the
construction of receptor homology models based on
the x-ray crystal structure of bovine rhodopsin for all
four adenosine receptor subtypes.'® A large number
(>2,000) of chemically diverse novel compounds were
synthesized using an iterative medicinal chemistry
approach and by the construction of small compound
libraries by parallel synthesis.

Initial modification of close analogues of the lead
structure, including an investigation of the impact of
stereochemical changes, removal of either or both
chiral centers, and simplification of the chiral side
chain, led to compounds with improved physicochem-
ical properties and in particular with reduced li-
pophilicity.2>2! Replacement of the highly lipophilic
trifluoromethyl substituents with a range of other
groups to reduce lipophilicity was also investigated.

Modifications to the core ring system led to the
discovery of a series of novel thieno[3,2-dy]pyrimi-
dines with significantly improved affinity for the A,
receptor.22 Many compounds in this series show good
selectivity, and several are active in vivo. Further
chemistry led to the discovery of a second series of
thieno[3,2-dylpyrimidines, many of which are potent
and highly selective with improved in vivo activity.?

To further optimize physicochemical properties,
we synthesized a range of compounds incorporating
additional modifications to the core ring structure.
This approach led to the discovery of a series of novel
purines with improved “drug-like” properties.?* This
series contains many potent and selective com-
pounds, including a number, such as VER-6947, that
show potent in vivo activity.

Biologic screening program. Radioligand binding
assays were carried out for all four human adenosine
receptor subtypes. A; receptors were labeled using
[®H]-DPCPX;2* A,, receptors were labeled using
[PH]-CGS 21680;26 A,y receptors were labeled
using[®H]-ZM241385;2" and A, receptors were labeled
using [*2°I]-AB-MECA.2¢ Nonspecific binding was de-
fined with 10 umol/LL CHA, CGS 21680, ZM241385,
and IB-MECA, respectively. Novel compounds were
tested in duplicate at 11 concentrations between
107! and 107® mol/L, and inhibition curves were
fitted by nonlinear regression (Prism, GraphPad
Software Inc., San Diego, CA). K, values were calcu-
lated by the method of Cheng and Prusoff .2 All
values are the mean of at three separate values.
Confirmation of functional antagonism of compounds
was determined in cells by assessing Ca®* mobiliza-
tion using FLIPR as described previously for studies
with mefloquine.

In vivo efficacy of compounds was determined us-
ing a range of models in rodents and primates. Ini-
tial in vivo screening was conducted in mice and rats

by assessing the ability of novel compounds to re-
verse locomotor deficits induced by the dopamine re-
ceptor antagonist haloperidol. Subsequently, active
compounds were assessed for antiparkinsonian effi-
cacy in rats unilaterally lesioned with 6-hydroxydo-
pamine (6-OHDA).

In vitro profile of novel A,, antagonists. A
large number (>2,000) of chemically diverse and
novel A,, antagonists have been synthesized and
screened. The ligand-binding profiles of some early
examples of these molecules are illustrated in the
table. All of the compounds are potent A,, receptor
ligands with K, values of <4 nmol/L and have recep-
tor affinities similar to or greater than the reference
standards, ZM241385, SCH 58261, and KW6002. A
number of the compounds are also highly selective
for A,, receptors and are >100-fold less potent in
displacing binding to A;, A,g, and A receptors. For
example, VER-6623 has a K; value of 1.4 nmol/L at
A, receptors and is 100-fold, 600-fold, and 300-fold
selective over A;, A,p and A; receptors, respectively.
This selectivity profile compares favorably with com-
petitor compounds, particularly KW6002, which has
a K, of 31 nmol/LL at A,, receptors and is 79-fold,
50-fold, and 84-fold selective over A;, Ayg, and Ag
receptors, respectively.

In FLIPR studies, all Vernalis compounds listed
in the table acted as competitive antagonists, pro-
ducing dose-related shifts to the right in the dose—
response curve of the A,, agonist CGS 21680 (10
umol/L) without depressing its maximal response,
and exhibited no appreciable agonist activity in the
assay when tested alone (ECy, values >10 pmol/L).
Schild analysis was used to calculate pA, values of
8.76 for VER-6623, 9.57 for VER-6947, and 9.32 for
VER-7835 that compare favorably with KW6002,
which has a pA, of 8.36 at A,, receptors.

In vivo profile of novel A,, antagonists. A tem-
porary form of parkinsonism can be induced in ani-
mals and humans by using agents that block central
dopaminergic neurotransmission, such as through
blockade of dopamine receptors by dopamine recep-
tor antagonists (e.g., haloperidol) or by depleting do-
pamine storage or inhibiting dopamine release (e.g.,
by reserpine). Animals treated with haloperidol or
reserpine show an impairment of movement, which
can range from a mild reduction in locomotor activity
to a state of catalepsy, whereas poisoning with these
agents leads to parkinsonism in humans?®. These ef-
fects mirror some of the motor impairments observed
in patients with PD, which are also attributable to
loss of striatal dopamine. The validity of these mod-
els has been established by experiments that show
that reference antiparkinsonian agents, such as
L-dopa, reverse the loss of movement caused by dopa-
mine receptor antagonists and reserpine. Recent
studies have also demonstrated the ability of Ay,
antagonists to reverse haloperidol- and reserpine-
induced catalepsy.3!%2
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Figure 2. Reversal of locomotor motor deficits in mice treated with the D, receptor antagonist haloperidol (0.2 mglkg,
intraperitoneally) by the A,, receptor antagonists (A) KW6002, (B) CGS 15943, (C) SCH 58261, (D) VER-6947, and (E)
VER-7835 but not by the A, receptor antagonist (F) DPCPX. All doses are expressed as mglkg, intraperitoneally. Behav-
ioral scores represent time (s) spent active during a 60-minute test session. *p < 0.05 vs vehicle treatment group.

The primary screen used to assess the in vivo Agy
antagonist properties of novel compounds was rever-
sal of the reduction in locomotor activity induced by
the dopamine D, receptor antagonist haloperidol
in mice. This assay provides a relatively high-
throughput pharmacodynamic model to rapidly as-
sess bioavailability, duration of action, and brain
penetration of novel A,, antagonists. In addition, the
assay requires only small quantities of material for
testing (~10 mg), thus permitting assessment of com-
pounds originating from small-scale parallel synthe-
sis chemistry.

To validate the model as a screen for the identifi-
cation of A,, antagonist activity in vivo, experiments
were carried out with nonselective and selective
adenosine receptor antagonists. The selective A,
antagonists SCH 58261 (0.3 to 30 mg/kg, intraperito-
neally) and KW6002 (0.3 to 10 mg/kg, intraperitone-
ally), the nonselective A;/A,, antagonist CGS 15943
(0.3 to 10 mg/kg, intraperitoneally), and the A, selec-
tive antagonist DPCPX (0.3 to 10 mg/kg, intraperito-
neally) were assessed for their ability to reverse the
motor depressant effects of haloperidol (0.2 mg/kg,
intraperitoneally) in outbred albino mice during a
60-minute test session. Haloperidol-induced hypolo-
comotion was dose-dependently reversed by selective
and nonselective A,, antagonists, with a rank order
of potency of KW6002 > CGS 15943 > SCH 58261.
The A, selective antagonist DPCPX was ineffective
in the assay (figure 2). The screening of novel com-
pounds from our medicinal chemistry program identi-
fied a number of compounds that had potent A,y
antagonist effects in the haloperidol hypolocomotion
model. All of the Vernalis compounds listed in the ta-
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ble, with the exception of VER-8177, displayed moder-
ate to good in vivo efficacy in the assay. In particular,
VER-6947 and VER-7835 dose-dependently reversed
the decrease in locomotion induced by haloperidol and
had potencies similar to KW6002, with minimum effec-
tive doses in the range of 0.3 to 1 mg/kg (see figure 2).

To assess the potential therapeutic efficacy of
novel compounds in a rodent model of PD, the
6-OHDA rotation assay was used.’® Rats were le-
sioned unilaterally by injection of the catecholamine
neurotoxin 6-OHDA into the medial forebrain bun-
dle. After a recovery period of 2 weeks, animals were
administered the dopamine agonist apomorphine
(0.3 mg/kg, subcutaneously), and the number of rota-
tions made in an ipsilateral and contralateral direc-
tion was recorded using an automated device during
a 60-minute test session. Apomorphine testing was
conducted at weekly intervals for at least 3 weeks,
and those animals that displayed at least 100 con-
tralateral rotations during the test session were se-
lected for further adenosine receptor antagonist
studies. The A,, antagonists KW6002 and VER-6947
enhanced the contralateral rotation response to a
subthreshold dose of L-dopa (figure 3). Interestingly,
unlike dopamine agonists or L-dopa, both adenosine
receptor antagonists tested produced small increases
in ipsilateral rotation, with the effects of KW6002
reaching statistical significance. Ipsilateral rotation
in this model can be indicative of a presynaptic effect
on dopamine release and is observed, for example,
after administration of amphetamine.®® However,
unlike amphetamine, which produces little or no con-
tralateral rotation, the effects of KW6002 and VER-
6947 on contralateral rotations were approximately
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Figure 3. Effects of L-dopa alone (W)
and given in combination with the aden-
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osine receptor antagonists KW6002 (A)
and VER-6947 (#) on turning behavior
in rats unilaterally lesioned with the
neurotoxin 6-hydroxydopamine. (A) Total
contralateral rotation scores, (B) time
course for contralateral rotations, (C)
total ipsilateral rotation scores, and (D)
time course for ipsilateral rotation
scores. For total scores, *p < 0.05 vs L-
dopa—~treated group.
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an order of magnitude greater than their correspond-
ing effects on ipsilateral rotation. Furthermore, the
effects of both adenosine receptor antagonists on ip-
silateral rotation were considerably smaller in mag-
nitude than those induced by amphetamine in our
hands (data not shown). Although it is possible to
interpret these data as evidence of a direct effect of
A, receptor blockade on dopamine release, the pro-
file of A,, antagonists in this model is clearly differ-
ent from that of amphetamine. Because other
investigators using this model have not commonly
reported A,, antagonist-induced ipsilateral rotations
in 6-OHDA-lesioned animals, the robustness of
these findings will depend on replication in subse-
quent studies. The fact that these findings are not
more widely observed suggests that A,, antagonist-
induced ipsilateral rotations depend on subtle meth-
odologic factors in this assay, such as previous
exposure to dopamine agonists and the degree of do-
pamine receptor sensitization induced before behav-
ioral testing.

Summary and conclusions. In summary, the
discovery that the (-)-(R,S)-enantiomer of the anti-
malarial mefloquine is a potent and moderately se-
lective adenosine A,, antagonist provided a unique
nonxanthine lead structure for a medicinal chemis-

10 20 30 40 50 60
Time (min)

try program to develop novel A,, antagonists. We
have established and validated a comprehensive in
vitro and in vivo screening program and synthesized
and screened more than 2,000 chemically diverse
and novel adenosine A,, antagonists. VER-6623,
VER-6947, and VER-7835 are early examples of po-
tent, selective adenosine A,, antagonists that have
been identified from this program. VER-6947 and
VER-7835 have good in vivo activity, with minimum
effective doses of 0.3 to 1 mg/kg in a mouse haloper-
idol hypolocomotion model. Furthermore, equipotent
doses of VER-6947 and KW6002 were shown to in-
duce comparable increases in contralateral rotations
in rats unilaterally lesioned with 6-OHDA.
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‘ Translating A,, antagonist KW6002 from
animal models to parkinsonian patients

T.N. Chase, MD; F. Bibbiani, MD; W. Bara-Jimenez, MD; T. Dimitrova, MD; and J.D. Oh-Lee, PhD

Abstract—Improving the translation of novel findings from basic laboratory research to better therapies for neurologic
disease constitutes a major challenge for the neurosciences. This brief review of aspects of the development of an
adenosine A,, antagonist for use in the management of Parkinson’s disease (PD) illustrates approaches to some of the
relevant issues. Adenosine A,, receptors, highly expressed on striatal medium spiny neurons, signal via kinases whose
aberrant activation has been linked to the appearance of parkinsonian signs after dopaminergic denervation and to the
motor response complications produced by dopaminomimetic therapy. To assess the ability of A,, receptor blockade to
normalize certain of these kinases and thus benefit motor dysfunction, the palliative and prophylactic effects of the
selective antagonist KW6002 were first evaluated in rodent and primate models. In hemiparkinsonian rats, KW6002
reversed the intermittent L-dopa treatment-induced, protein kinase A-mediated hyperphosphorylation of striatal a-amino-
3-hydroxy-5-methyl-4-isoxazole proprionic acid receptor GluR1 S845 residues and the concomitant shortening in motor
response duration. In 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned monkeys, coadministration of
KW6002 with daily apomorphine injections acted prophylactically to prevent dyskinesia onset. These and related preclin-
ical observations guided the design of a limited, randomized, controlled, proof-of-concept study of the A,, antagonist in
patients with moderately advanced PD. Although KW6002 alone or in combination with a steady-state IV infusion of
optimal-dose L-dopa had no effect on parkinsonian severity, the drug potentiated the antiparkinsonian response to
low-dose L-dopa with fewer dyskinesias than produced by optimal-dose L-dopa alone. KW6002 also safely prolonged the
efficacy half-time of L-dopa. The results suggest that drugs capable of selectively blocking adenosine A;, receptors could
confer therapeutic benefit to L-dopa—treated parkinsonian patients and warrant further evaluation in phase II studies.
They also illustrate a strategy for successfully bridging a novel approach to PD therapy from an evolving research concept

to pivotal clinical trials.
NEUROLOGY 2003;61(Supp! 6):S107-S111

Progress in basic neuroscience research has acceler-
ated dramatically during the past decade as a result
of the increasing support accorded this field. But
translation of the findings of these laboratory efforts
to the benefit of patients with neurologic disease has
not always kept pace. The sluggish transfer of novel
therapeutic strategies from bench to bedside may be
a key contributor to the dry developmental pipelines
currently plaguing much of the pharmaceutical in-
dustry.! Despite a threefold increase in investment,
total new drug applications approved by the Food
and Drug Administration have fallen to the lowest
levels in 10 years. The decrease in new molecular
entities and priority drug approvals is even steeper.
Although a number of factors contribute to this slow-
down, the problem can be reduced by a tighter focus
on essential preclinical assessments, based on heu-
ristic mechanistic hypotheses and validated animal
model results, and the rapid use of small-scale,
proof-of-concept clinical studies. Additionally, labora-
tory observations not only help identify interventions
with a relatively high probability of success but also
clinical findings can be equally important in direct-
ing further laboratory efforts. Our recent studies of a
selective adenosine receptor antagonist illustrate

some of these principles and emphasize the critical
need for a symbiotic relationship between basic and
clinical research.

In the movement disorders field, inadequacies
surrounding the use of currently available treat-
ments for patients with middle- and late-stage Par- -
kinson’s disease (PD) have long motivated the search
for alternative therapeutic approaches. Recently,
these novel strategies have been increasingly based
on the hypothesis that motor dysfunction in PD re-
sults, in part, because of reactive changes occurring
in striatal medium spiny neurons as a consequence
of the nonphysiologic stimulation of their dopaminer-
gic receptors.? Medium spiny neurons, the prepon-
derant nerve cell in the corpus striatum, receive
axonal terminals from the degenerating nigrostriatal
dopamine (DA) system and glutamatergic projections
from the cerebral cortex.? In turn, they project to the
output nuclei of the basal ganglia and thus are well
situated to regulate information flow into and
through these structures.* In rodent models of PD,
spiny neuron function appears to change as dopami-
nergic innervation decreases.>® Additional spiny neu-
ron changes occur when their denervated DA
receptors are subjected to the intermittent high-
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Figure. Schematic representation
of dendritic spine of striatal me-
dium spiny neuron to illustrate sig-
naling pathways possibly
contributing to the regulation of
ionotropic glutamatergic receptors
by dopamine (DA) and A,, recep-
tors. DA receptors can signal via
cyclic adenosine monophosphate
(cAMP) and Ca®*-mediated cas-
cades (via protein kinase A [PKA]
and protein kinase C [PKC]/
CaMKII, respectively) to modify the
phosphorylation state of nearby
a-amino-5-hydroxy-3-methyl-4-
isoxazolyl propionate (AMPA) and
NMDA receptors. By this means, the
aberrant activation of certain of
these spiny neuron pathways, first
because of DA receptor denervation
and subsequently because of their
intermittent stimulation, may affect

the synaptic strength of corticostria-
tal input. As a result, spiny neuron

output may change in ways that favor the clinical appearance of parkinsonism and motor response complications. Adeno-
sine A,, receptors also appear able to signal through PKC and PKA. Accordingly, A,, antagonists may be able to attenu-
ate the activation of these kinases by the nonphysiologic stimulation of dopaminergic receptors and thus inhibit the
hyperphosphorylation of glutamatergic receptor subunits. Representative serine phosphorylation sites on AMPA, GluR1,
and NMDA NR1 subunits are labeled. Filled lines indicate direct pathways supported by earlier experimental data; open
lines indicate indirect pathways suggested by our recent studies.

intensity stimulation associated with standard do-
paminomimetic regimens.®?” Soon the animals
manifest alterations in motor response to dopami-
nergic agents, mimicking those that appear in pa-
tients with later-stage PD.® DA receptor denervation
and intermittent stimulation appear to influence sig-
naling kinases and phosphatases within spiny neu-
rons that regulate the phosphorylation state and
thus the synaptic efficacy of coexpressed ionotropic
glutamatergic receptors.5¢ Resultant changes in cor-
tical glutamatergic input then modify striatal
GABAergic output in ways that compromise motor
function.

Pharmacologic agents that inhibit pathologic
events in spiny neurons occurring as a consequence
of the nonphysiologic stimulation of their DA recep-
tors could have the potential for ameliorating associ-
ated motor dysfunction. Recent observations suggest
that drugs capable of interacting with striatal ad-
enosinergic receptors may act in this manner. The
A,, subtype of adenosine receptor is abundantly ex-
pressed on medium spiny neurons.®® A,, receptors
signal, in part, through activation of protein kinase
C (PKC) and protein kinase A (PKA) (figure).!l'14
Serine and threonine kinases appear to be aber-
rantly activated in rat models of parkinsonism and
motor complications'®'® and are capable of modulat-
ing the phosphorylation state of ionotropic glutama-
tergic receptors.'”'® Conceivably, A,, receptor
blockade may alleviate motor abnormalities in pa-
tients with PD by attenuating the hyperphosphoryla-
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tion of striatal ionotropic glutamatergic receptors of
the a-amino-5-hydroxy-3-methyl-4-isoxazolyl propi-
onate (AMPA) and NMDA subtypes associated with
naturally occurring dopaminergic denervation and
iatrogenic intermittent stimulation.

Recent observations in rodent and primate models
of PD**?* have provided increasing support for this
possibility. A selective A,, receptor antagonist,
KW6002,25 for example, has been reported to have
antiparkinsonian activity when given alone and to
potentiate the antiparkinsonian response to coad-
ministered L-dopa without exacerbating dyskinesias
in 1l-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-lesioned nonhuman primates.?*?> Moreover,
coadministration of the A,, antagonist SCH 58261
or genetic knock out of the A,, receptor has been
shown to attenuate L-dopa—induced rotational behav-
ioral sensitization in hemiparkinsonian rodents.??26
Therefore, it is conceivable that A,, receptor block-
ade by KW6002 may be beneficial in PD by mitigat-
ing changes in the phosphorylation state of certain
striatal glutamate receptor subunits. Moreover, as-
suming KW6002 acts in this manner, it should be
effective when administered either palliatively or
prophylactically. These possibilities are readily test-
able in validated animal models and, if positive,
would provide a cogent basis for initiating studies of
A,, antagonist therapy in patients with PD. Related
efforts by the drug manufacturer are reviewed else-
where in this supplement (see Kase, page S97).




KW6002 effects on motor function in parkinso-
nian rats. Our initial explorations of the foregoing
considerations were conducted in male Sprague-
Dawley rats that evidenced hemiparkinsonism after
unilateral 6-hydroxydopamine (6-OHDA) nigrostria-
tal system lesioning.?” Systemic administration of
low-dose KW6002 (1 mg/kg, orally; Castagnoli et al.,
personal observation) given alone did not produce
rotational behavior in lesioned animals that had
been treated only briefly (3 days) with L-dopa; how-
ever, high-dose KW6002 (5 and 10 mg/kg) did in-
crease the number and duration of contralateral
rotations (p < 0.01 compared with 0- and 1-mg/kg
KW6002 groups).

Like patients with PD, parkinsonian rats manifest
the progressive shortening in the duration of their
motor response to intermittent L-dopa treatment
that gives rise to response fluctuations of the
wearing-off type.? In our studies, twice-daily r-dopa
treatment for 22 days attenuated the duration of the
response to L-dopa (p < 0.001). On day 23 of L-dopa
treatment, the administration of KW6002 (1 mg/kg
and higher), but not of the vehicle, normalized the
motor response shortening induced by long-term
L-dopa therapy (p < 0.05). Moreover, coadministra-
tion of KW6002 (1.0 mg/kg), but not the vehicle,
acted prophylactically to block the progressive reduc-
tion in response duration occurring in rats receiving
long-term 1-dopa treatment. Accordingly, animals
given KW6002 together with 1-dopa had a substan-
tially longer response to L-dopa than those receiving
the vehicle with r-dopa after 21 days of coadminis-
tration (p < 0.01).

Therefore, the prophylactic and palliative admin-
istration of KW6002 appeared to ameliorate the
shortened motor response to L-dopa associated with
the long-term intermittent stimulation produced by
dopamine precursor treatment. In 6-OHDA—lesioned
rats, a relatively low dose of KW6002 was sufficient
to prevent or reverse the shortened response dura-
tion. Similarly, a recent report has shown that the
A,, receptor antagonist 8-(3-chlorostryryl) caffeine
reverses L-dopa—induced motor alterations in parkin-
sonian rats.?® Unlike typical dopaminomimetic
agents, the same KW6002 dose failed to elicit an
antiparkinsonian response (i.e., induce contralateral
turning) when given alone. As previously reported,
KW6002 monotherapy did show antiparkinsonian
activity at higher doses. Clearly, the effects of Ay,
receptor blockade differ from those typically associ-
ated with dopamine agonists or antagonists.

KW6002 effects on P-GluRl-immunopositive
neurons in rat striatum. The twice-daily admin-
istration of L-dopa to hemiparkinsonian rats en-
hanced the phosphorylation of striatal AMPA
receptor GluR1 subunits at serine residue S845.2" By
L-dopa treatment day 21, P-GluR1 immunoreactivity
appeared far more pronounced on the side ipsilateral
to the lesion than on the contralateral side. KW6002
treatment, but not vehicle treatment, before short-

term L-dopa administration decreased the increased
serine phosphorylation of GluR1 subunits produced
by L-dopa therapy. Attenuation of the increased S845
phosphorylation of striatal GluR1 subunits by
KW6002 occurred at a dose (1 mg/kg) that was effec-
tive in preventing or reversing the shortened motor
response to L-dopa. These findings were corroborated
by immunchistochemical analysis indicating that
hemiparkinsonian rats treated twice daily with
L-dopa for 21 days followed by a single 1-dopa chal-
lenge 30 minutes before they were killed evidenced
an increase in striatal P-GluR1 immunoreactivity.
The number of S845 P-GluR1-positive neurons in
the dorsolateral striatum ipsilateral to the 6-OHDA
lesion was higher than on the intact side in these
animals (p < 0.05). An increase in P-GluR1--express-
ing striatal cells did not occur in animals that re-
ceived 21 days of twice-daily L-dopa plus KW6002
treatment followed by 1r-dopa challenge.

Results from these rodent model studies appear
consistent with our hypothesis that the nonphysi-
ologic stimulation of DA receptors on striatal spiny
neurons activates signaling kinases capable of modu-
lating the phosphorylation state and thus the synap-
tic efficacy of coexpressed ionotropic glutamatergic
receptors (see figure). More specifically, the en-
hanced phosphorylation of glutamatergic receptor
subunits in rat striatal neurons in association with
the response alterations produced by 1-dopa may in-
volve the activation of PKA signaling cascades.¢
Adenosine Ay, receptors are highly expressed on the
dendrites of medium spiny neurons®!® where they
could activate PKA. 1314 Therefore, it is possible that
A,, antagonists, by inhibiting this kinase, may at-
tenuate the aberrant hyperphosphorylation of these
corticostriatal glutamatergic receptors. These results
are consistent with the recent demonstration of the
NMDA-mediated inward current by A,, recep-
tors.?*3° Under such circumstances, prophylactic and
palliative effects on 1-dopa—associated response com-
plications would be anticipated. Moreover, the ap-
parent participation of AMPA subtype glutamate
receptor sensitization in the pathogenesis of L-dopa—
induced motor response alterations is consistent
with earlier observations indicating the beneficial ef-
fects of AMPA receptor antagonists on motor dys-
function in parkinsonian rodents and nonhuman
primates.3*? Based on these considerations, it was
decided to proceed with studies in the phenomeno-
logically more informative primate model of PD.

KW6002 effects on motor function in parkinso-
nian monkeys. Adult male cynomolgus (Macaca
fascicularis) monkeys were rendered parkinsonian
by the subcutaneous administration of MPTP and
later given KW6002 monotherapy.?’” At a dose of 90
mg/kg, parkinsonian severity decreased (p < 0.01),
but no dyskinesias appeared. Daily injections of apo-
morphine begun 2 days after initiation of placebo or
KW6002 treatment completely suppressed parkinso-
nian signs and induced abnormal involuntary move-

December 2003 NEUROLOGY 61(Suppl 6) S109



ments in placebo-treated monkeys within 7 to 10
days. Once induced, dyskinesia intensity peaked
within 2 to 3 days and thereafter could be stably
reproduced by the same apomorphine dose. In con-
trast, KW6002 plus apomorphine-treated animals
did not evidence any dyskinesias. After 19 days,
KW6002 (and placebo) treatment was withdrawn,
whereas daily apomorphine injections were contin-
ued. Within 10 to 12 days, animals previously
treated with KW6002 manifested dyskinesias for the
first time. Once again, dyskinesia severity peaked
within 2 or 8 days and remained stable when elicited
by the same dose of apomorphine. In both groups,
the eventual severity of dyskinesias was similar.

In parkinsonian monkeys, KW6002 monotherapy
has an amelioratory effect on parkinsonian signs and
can potentiate the antiparkinsonian action of do-
paminomimetic agents without exacerbating associ-
ated dyskinesias.222* We have further found that
KW6002 acts prophylactically to prevent onset of DA
agonist-induced dyskinesias. This prevention of mo-
tor complication onset appears to be a true protective
effect because the time to the appearance of
apomorphine-induced dyskinesias after KW6002
withdrawal approximated the time to dyskinesia on-
set when the DA agonist was given alone.

KW6002 effects on motor function in PD pa-
tients. Taken together, the results of the preclini-
cal studies reviewed here indicate that selective Ay,
receptor blockade should benefit motor dysfunction
in patients with PD, possibly as a result of limiting
the hyperphosphorylation of striatal glutamatergic
receptor subunits that attend dopaminergic denerva-
tion and subsequent intermittent stimulation. To ex-
peditiously evaluate this possibility, we proceeded to
design and conduct a proof-of-concept clinical study
of KW6002. The drug, which had been found by its
manufacturer (Kyowa Pharmaceutical Inc., Prince-
ton, NJ) to have a benign preclinical toxicologic pro-
file, was administered during controlled conditions to
volunteers with moderately advanced PD.*® Eleven
patients with PD completed this 6-week, increasing-
dose evaluation.

When given as monotherapy, KW6002 had no ef-
fect on the severity of parkinsonian signs at a daily
dose of 40 or 80 mg. Similarly, neither dose of
KW6002 altered parkinsonian or dyskinesia scores
in patients who were receiving an optimal dose of
L-dopa (always coadministered with carbidopa) by
steady-state IV infusion. Conversely, KW6002 poten-
tiated the antiparkinsonian action of low-dose L-dopa
(which alone produced no antiparkinsonian re-
sponse) at the 40- and 80-mg doses (both p < 0.05).
At the higher KW6002 dose, the degree of antipar-
kinsonian response to low-dose L-dopa did not differ
from that produced by optimal-dose L-dopa alone. All
cardinal parkinsonian signs improved, most notably
resting tremor (p < 0.02). Choreiform dyskinesias
were 50% less severe during treatment with low-dose
L-dopa plus high-dose KW6002 than with optimal-
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dose L-dopa alone (p < 0.05). KW6002 also prolonged
the duration of antiparkinsonian action of optimal-
dose L-dopa, with efficacy half-time values increasing
by an average of approximately 75% at the best dose
of KW6002 (p < 0.05). In our study, KW6002 alone
or with L-dopa appeared safe and generally well tol-
erated. Specifically, notwithstanding the cardiovas-
cular effects reported in preclinical studies of some
A,, antagonists,® no consistent change in heart rate
or blood pressure was observed.

Therefore, KW6002 potentiated the antiparkinso-
nian action of low-dose L-dopa without exacerbating
dyskinesias. Unlike standard therapies for this dis-
order, the addition of KW6002 to L-dopa produced
substantially fewer dyskinesias than an equivalent
antiparkinsonian dose of L-dopa given alone. More-
over, although KW6002 coadministration benefited
all primary parkinsonian signs, again unlike typical
dopaminomimetic agents, the amelioratory effect on
resting tremor predominated. KW6002 also pro-
longed the antiparkinsonian action of L-dopa to a
clinically significant degree. Therefore, the addition
of KW6002 to 1-dopa therapy would be expected to
decrease fluctuations of the wearing-off type.? The
tendency for dyskinesias to be less severe when
KW6002 is coadministered with L-dopa may in part
reflect the reduced amount of the DA precursor re-
quired to achieve the same antiparkinsonian re-
sponse. Conversely, the associated prolongation in
efficacy half-time suggests a direct effect of KW6002
on mechanisms subserving motor complications in
patients with PD as appears to be the case in animal
models of this disorder.

Concluding observations. KW6002 effects ob-
served in parkinsonian animals and patients with
PD likely reflect an inhibitory action at striatal Agy
receptors.®10% Previous studies support the view
that the output of striatal spiny neurons undergoes
characteristic alterations after exposure of their DA
receptors to the nonphysiologic conditions attending
denervation or intermittent stimulation.? Either sit-
uation triggers internal signaling cascades capable of
modifying the phosphorylation state and thus the
synaptic efficacy of nearby glutamatergic receptors.®
Resultant changes, presumably including an in-
crease in cortical excitation, affect spiny neuron fir-
ing rates and patterns in ways that degrade motor
function.?3¢ Now it appears that signaling between
striatal dopaminergic and glutamatergic receptors
may be influenced by A,, receptor-mediated mecha-
nisms and thus that pharmacologic blockade of stri-
atal A,, receptors could serve as a novel approach to
the amelioration of parkinsonian signs with a de-
creased risk for motor complications (see figure).
More generally, the ability of one type of neurotrans-
mitter receptor to influence the synaptic strength of
others via signaling cascades that can be modulated
by additional receptor types could serve as a molecu-
lar basis for synaptic integration in dendrites. Dur-
ing such circumstances, direct pharmacologic




targeting of these signaling enzymes could provide a
new strategy for the management of brain disease.

The salutatory effects of KW6002 in our patients
with PD were predicted by the results of prefatory
animal model studies of A,, antagonists.2>?® There-
fore, the present clinical observations appear to pro-
vide additional validation for results obtained in the
6-OHDA rat and the MPTP monkey models. They
also illustrate the critical benefits to clinical trial
design conferred by the mechanistic and behavioral
insights provided by relevant animal model evalua-
tions and by bridging proof-of-concept studies in a
small number of carefully chosen and meticulously
monitored target subjects. In view of the benign
safety and tolerability assessments of KW6002, ad-
vancing to clinical trials at the phase IIB level ap-
pears warranted; similarly, our findings should
encourage the development of other A,, antagonists
now in preclinical evaluation. At a more general
level, the aforementioned events illustrate how fo-
cused preclinical studies linked with carefully de-
signed proof-of-concept evaluations can mitigate
certain of the rate-limiting impediments to expedi-
tious neurologic drug development. The time from
our initial laboratory studies to clinical trial comple-
tion was less than 3 years. Steps to further optimize
this translational process are essential if the full
benefits of current neuroscience research are to re-
dound to the benefit of those in greatest medical
need.
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